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An experirnentai jir'r.rai;; wax c ■nduciei 1 .1 Jetei-rr.ine the fiajxe piei.ehii.r 
■apability it i. ur tyjies :'!:u:;e arrexters Gultau^e f r inxtaliati r. -n fue'. 

oar.yc; tank vents. The I'lur types si' t'iaitie arresters included a sin.-'le 
screen aiTester, a dual AO-ciesh screen arrester, a spiral-w'ur.a, critr.tci riL; 
arrester, and a packet bed jf i'iti,'3 arrester. The tests simulated t'ne exha.s^ i’ 

; ..a.>Ti.riaL!.Le :'ie;;air rtiixtiures frcrt: a car.-p- tank vent into an c.pen deck cn.vir _ nc.er.t. 
o'niticti s! the exhaust from an external source caused a flajt'.e t ;■ flash back ver 
a tini^e run-up distance t'.i the vent stack, which was pr. tested by a •’..ajne arrester 
i.n .tome *e3ts, the fltutie was sustained ,n the arrester for diiratic.ns u;i t ■ yj c.iti- 
utes. die I'.asi.back fl cutte tests us.ei oif-ht ‘’iii'ferent fuel/air mixtures t' pr oj-jce 
i-ames with speeds representative th ise frrjin fuels, that c., uld be carried as 
oulk cartel ab jard typical trarisp n’t ves,:;eis. The fuels used in testing were 
1. ) acetald.ehyde, 12) butane, I'ii uiethy: ether, (<0 ethylene, (5) pasuine, 

.6; rnethancT, ;;) prop^ane, ana (8) t'Luene. Of these fuels, propane and ethy. eioe 
were usee iut-lnc ttie facility check-out, the initial screeninr tests, and the 
sustainei burnint^ tests. The standard test condition was a fuei/air n.i.xture at 
an equiv'a^ence I'atio from. 1.0 to 1.2 (which produced the theoretical ma.xi.TiUj:. fia.m.e 
speed ::r the fuel used) and a flow velocity that was low enough, 1.52 m/s (5 ft/'s; 
to assure flame propagation back into the inlet piping in the event of an arrester 
failure. 


The experimental program was performed at the Jet Propulsion Lab' satory's 
Edwards Test Station {JPL-ETS) where the existing B-Stand facility provided s.uiT- 
aoie safety protection and support activities. A photograph of this tost facility 
is shijwn in Figure 1-1. The facility was modified by adding a gaseriur fuel system, 
a large flame test cha.mber, and a vertically directed, sustaineil burnitig test 
stand. The fuel,'air supply an<l inductiisn system prs*vided a rr-ntlnuous flow 
fLajmm.abio i.'iixture int'' a R-m (78-ft.) length of i5.2-cm- (6-in.-) ..iiamet.er 
piping. fhe flame arrester test assemtdies were mounted at the end > f the fa-i'. ity 
piping t simulate tiie vent stack configuration ab oard a tank vessel. op-f j 
I larrie sens rs, jiressure sensors, and thermoc.cup.l es were installed in t.e fuv'i.ity 
piping t ' witness, and rec.-,rd any flamo penetrati- 3 n. A 2.u-'.-m- (3-ft.- diamei or 
by 'i.(i.;-ft._! l.uig cylindrical chamber provided a protecting en.'l.-.sure 
surrounding the test, arrester and the flow area ilsr a Ci,nsiderab le distance i wu- 
ctre?irri. The r;pen enls .if the test chamber were covered witii a thin opcspie plus' is 
! i im to prevent wind iiluiion and dispersion 'o-f the flammable fuel ''air mixture 
plu.me, 1,'Ut offere'J .minimal restricti-m to, the exp.anding gases after c.busti i,. 

,''.n exhaust croieetor atjd Vjurn-odT s.tack located at the downstream end . f t.ho lesl 
"hamber mairg.aitied a.tm.,spheric pressure within the ch;ii7iber bef.'re igni‘..ion, an.' 
pr-viued a mean;: of reducing, atmo)srheric piiliution fr -m the unluirned f'lei air 
t'.ixturc's T,ass,in.<' through t.he (diambcr. I'^pticai I'lame u'lensoirs, pressui'e sens rs, 
a.ri'i a h i ,-ti-spe(oj m tin [nct.ure camo'ra were used in the fijime test clia'iiliei’ 1 
w! trios:;, u.nd ro-o-' rd ig;niti ti and flame pfipagat. 1.on. It was iv.r.sib'e t. ignit.o, ' iu, 

1 lo-, .a i r' rnixtiu'O' from (,v;o (iii'ferent locai.i'Uis: (l) at the u[istre.--Lm err: (f t h,' 
oha.'rlr.or, . ose ' , t.iio' face .-.f the tf's.t, arrer.tor, and (, .1 ( at, tiie downst I'cam end . f 

tlio; cpfjjr, i.f. p wiierc t,he dir.tance was. sufficient, t, insui'o tii.at t.he I’lrum' pr. ]ia..oa‘ I n,- 
'ips t ru.ci:;, ria.i a.'di i o-v(,(j s, tcuafiy-;; t,;ite njieo'fi >i|..in reaciiing the t.(^.'t .arro'stcr. T'no 
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An initial series of screening tests were made in tie full-scale flarr.e t". t 
chamber using propane/air mixtures and ethylene/air mixtures las reprerentat :/e 
of the two extremes of probable flame speeds for typical bulk cargc, fueis', • 
aetei”iiine which igniter location (upstream or downstream) produced the iriost 
test conditions. The severity being identified as the hio-hest flame rmeed pr' p- 
a.gating upstream towards the test flame arrester. Both the single 30-;:!esh sc.''n“e!: 
arrester and the dual 20-mesh screen arrester were evaluated for flame quenchi tig 
capability on these tests. The resulting flame speeds ranged from 2.99 t. b.oO r. c 
(9.31 t^ 21.65 ft/s) with the upstream igniter location producing the hirher fla-me 
speed for both fuel/air mixtures. A tabular summary of average values of 
speeds and peak pressure rises for all fuels tested is given in Table i-1. ".lie 
single 30-mesh screen arrester quenched all flashback flames for both fuel/air 
mixtures. The dual 20-mesh screen arrester quenched all propane/air mixture 
I'lames and the ethylene/air mixture flames initiated by the downstream, igniter 
l.icatiwn. The ethylene/air mixture flames initiated by the upstream igniter i ca- 
ticin penetrated the dual 20-mesh screen arrester in three successive tost firings. 

A tabular summary of the flashback flame quenching test results for all fuel/air 
mixtures and test arrester assemblies is given in Table 1-2. 

The upstream igniter location was used on all the subsequent flashback f’. a-me 
quenching tests. The single 30-mesh screen arrester and the dual 20-mesh screen 
arrester were tested with the six remaining fuel/air mixtures. Both arrester.^ 
were successful in quenching the flames on all test firings as shown in Table 1-2. 
The resulting flame speeds, or test condition severities, for the six additional 
fuel/air mixtures were less than those measured for the ethylene-fuel/air mixture, 
as shown in Table 1-1. 

The original test configuration for the packed bed of aluminum Ballast rings 
arrester was unsuccessful in quenching the flashback flames from gaso]ine/air 
mixtures in three successive test firings. A single 30-mesh screen was added on 
the downstream end of the arrester, between the retainer grid and the bed of 
rings. This modified configuration was successful in quenching flashback flames 
from the propane/air mixture, gasoline/air mixture, and three out of four test 
firings with ethyiene/air mixture. The spiral-wound, crimped stainless-steei 
ribbon arrester was successful in quenching all flashback flames from propane, 
ethylene, and gasoline-fuel/air mixture test firings. The test results are 
summarized in Table 1-2. 

The sustained burning tests were conducted outside of the flame test chamber 
by rearranging the facility piping. Using a combination of pipe elbows-, the last 
section 'of inlet pipe was redirected 90 deg to one side and the flame arrester 
test assemblies were mounted on the end of the pipe in the vertically up position. 
Tw') different sizes of flame screen arrester assemblies were tested, (l) the 
original 15.2-cm- (6-in.-) diameter adapter housing and (2) a new 25.^4-cm- 
(iO-in.-) diameter adapter housing. This change in arrester flow area was maae 
tij evaluate the effects of the approach velocity and flow-tnrough veloi'ity of the 
fuel/air mixture on the thermal environment at the screens. The single 30-mer.h 
screen arrester and the dupT 20-mesh screen arrester in both pipe sizes, tlie 
packed bed of Ballast rings aricsLer, and the spiral-wound, crimped ribbon arrester 
were all successful in maintaining sustained burning with the propane/.air mixtiire 
for the full 30 minutes (I 8 OO seconds) of test duration. 
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Table 1-2. Tabular Summary of Flashback Flame Quenching Test Results 



Spirai-wound, 
crimped ribbon 



Sustained burning tests were also made with the ethylene/air mixtire, but 
because of the anticipated severity of test conditions, only the packe 1 bed of 
Ballast rings arrester and the spiral-wound, crimped ribbon arrester wi^re tested. 
The spiral-wound, crimped ribbon arrester failed in two tests of h23 seconds anu 
383 seconds duration. The packed bed arrester failed on the first tests after 
only 1(3 seconds duration, and resulted in a deflagration-to-detonatioi. trarisiticjn 
in the arrester bed. On the second test, the packed bed arrester failed immediate 
after ignition due to a damaged screen. The results of the sustained burning 
tests are summarized in Table 1-3. 


Table 1-3. Tabular Summary of Sustained Burning Test Results 


Flame Arrester 

Type of 

Time Duration 


Type and Size 

Fuel 

of Burning, s 

Flamethrough 

15 . 2 -cm- ( 6 -in.-) diam. single 
30-mesh stainless-steel screen 

Propane 

1800 

-Mo 

15 . 2 -cm- ( 6 -in.-) diam. dual 
20 -rae 3 h stainless-steel screen 

Propane 

1800 

No 

25 .^‘-cm- ( 10 -in.-) diam. single 
30-mesh stainless-steel screen 

Propane 

1800 

No 

2 . 5 ^-Gm- (10-in.-) diam. single 
20-mesh stainless-steel screen 

Propane 

1800 

No 

30.5-cm- ( 12 -in.-) diam. by 

Propane 

1800 

No 

20 . 3 -cm- ( 8 -in.-) long spiral- 
wound, crimped stainless-steel 

Ethylene 

I 423 

Yes 

ribbon 

Ethylene 

383 

Yes 

25 .^-cm- (lO-in.-) diam. by 

Propane 

1800 

No 

t 5 . 7 -cm- ( 18 -in.-) long packed 
bed of 2 . 5 ^-cm- (l.O-in.-) 

Ethylene 

ii3 

Yes 

size aluminum ballast ring 
plus a single 30-mesh 

Ethylene 

0 

Yes 


stainless-steel screen 




SECTION II 


INTRODUCTION 


The U. S. Coast Guard, under the Ports and Waterways Safety Act 'SL 92-■■•Oi, 
is responsible for the safety of vessels and U, S. ports from the inherent hiisarj 
f handline; petroleum products. The Coast Guard must insure that carr- tank; 
ab'iarJ vessels are adequately protected from ignition sources that may be present 
on deck. Ships and barges that carry grades D and E flammable carg' are req.irei 
under ."'ubcharter D of Title h 6 to have flame screens on the vent outlets f ."dr- 
tanks, c:>fferdams and void spaces, and on all open ullage holes, hatches, r 
Puttei'w rth plates. The screens prevent accidental flame passage frit;; the porj 
leek int the cargo tank. A single 30-mesh screen or dual 20-mesh sci'eens .rdce; 
m' re than one-half inch apart and n(jt more than one and one-half inch rit'art are 
approved by the U. T. Coast Guard. 

The adequacy of the flame screen as a flame arrester has been questi .'ne ; 
(Reference 2-1). Wilson and Crowley (References 2-2 and 2-3) carried -ut t’.;Ets 
for the U. S. Coast Guard with screen arresters, where the screens were mounted 
some 1.83 m (6.0 ft) inboard from the t'pen end of the pipe, rather thaji at the 
end as in the standard vent-staok installations. These nonstandard iiiStallati .ns 
were used for tents of screen arresters at high turbulent flair.e spee ir., ranging 
from 2 to 30 m/s ( 6.6 ti' 98 .A ft/^). These tests of screen arresters we.-e more 
severe than those where the screens were mounted in the standard insta. 1 ation. 

Under certain conditions, screen arresters failed to quench the flame in some of 
these tests. It seems, however, that the higher flame speeds were accompanied by- 
gross gas motions that caused apparent discrepant flame quenching results. 

Because the Wilson and Crowley test conditions were not representative of 
flashback-flam.e propagation to a standard vent-stack installation in an open 
environment, more tests that simulated the actual conditions existing aboard fuel 
cargo transport vessels were needed. One of the major points of interest is 
whether or not a flame will accelerate in an open deck environment and what effect 
this accelerated flame speed has on the quenching capability of the screen arrester. 

Screen flame arresters mounted at the end of a vent stack are designed t.o 
prevent flames ignited outside the tank from propagating into the tank. It is 
assumed that the flammable gases in the vent stack are either quiescent or mow¬ 
ing out. On the other hand, most of the reported tests on screen flame arresters 
confine the flame in an enclosure whose only or major outlet was thre^ugh the flame 
arrester (Reference 2-A). Combustion within an enclosure is invariably accompanied 
by Considerable gas flow through the screen in the direction of flame propagation. 
The hypothesis to be tested was whether an unconfined turbulent flame flashback 
can be stopped from propagating into a vent stack whose end is covered with a 
screen flame arrester. In these tests, it was supposed that there is no gross 
gas flow through the screen associated with the ignition and propagation of the 
flame. 

Screen flame arresters are designed to completely enclose the outlet openings 
with a fine wire mesh. The wire mesh is sufficiently open so that it offers neg¬ 
ligible obstruction to the passage of gases and vapors, but the mesh openings arc 
too small to allow the passage of flames. There should he no opening in the 
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soreeti I'l’iiae ai’rester with an equivalent hydraulic diameter jai-f^er i,i ar! tin- 
crLt icai -liameter cf flame quenching in a tube. The critical diameter:; I'or ;u:.e 
luencliiut’: in a tube foi a large variety of different flammable gan t.ixture:; ravi- 
been established in extensive laboratory tests, as discussed in VJils and 
Attalah's review of flame arresters for cargo venting systems (Referei.ee 
it has been shown for laminar flames propagating in flammable gases that tlv' 
es'rreiation for the critical Peclet number (Pe) (Reference 2-1) is: 

log^Q Pe = 1.8 ± 0.3 

Pe is defined as Dqr x Su/a, where Dgp is the critical diameter for flame quench¬ 
ing in a tube, Gu is the laminar flame velocity in the unburned mixture, and a is 
the thermal diffusivity in the unburned mixture. The uncertainty in the value of 
logqQ Pe allows for differences in the behavior of widely different fuels and 
oxidizers, but it is sufficiently restrictive to yield useful design values f..r 
the maximum allowable opening sizes in flame arresters. 

The concept of quenching a laminar flame in a narrow tube through heat less 
to the walls of the tube is well established (Reference 2-5). For effective 
flame quenching, the surface must be noncatalytic (this requirement is satisfied 
by all commercial materials of construction) and heat dissipative (stainless 
steels have adequate conductivity). Screen flame ari’esters differ from isolated 
orifices of the flame quench theory in that there are arrays of orifices. Each 
orifice in the array acts identically to an isolated orifice as far as flame 
quenching is concerned. Gas flows and heat transfer associated with flame pr--pa- 
gation and gas volume expansion seem to be the main causes of screen failure. 

The flame heats and weakens the wires of the screen so that fluid friction and 
pressure tear openings into the wire mesh (References 2-6, 2-7, and 2-8). It is 
evident that prolonged exposure to sustained burning will decrease the quenching 
capability of the screen arrester, a phenomena that requires further investigatio 

Flames propagating in open environment are almost invariably turbulent, as 
opp‘..:.sed to the laminar flames considered in the quenching theory (Reference 2-9). 
F'or most practical considerations, open turbulent flames can be considered hig'niy 
wrinkled laminar flrjnes whose characteristic wrinkle dimension is in the order 
r/t' the critical diameter for flame quenching. The heat release rate is propor- 
tifinal to the total area of the propagating wrinkled flame front, which can be 
many times larger than the superficial projected flow area. The criterion for 
the critical diameter for flame quenching by the flame arrester is the same f r 
turbulent and laminar flames according to Reference 2-4, but the heating effects 
of the turbulent flame are very much greater. In addition, the nonuni form and 
fluctuating turbulent flame front can cause, in pockets of the flame, the re.i.ease 
>f transient high pressure and high heat that far exceed in value the pressure 
and heat of a laminar flame (Reference 2-11). If a transient high reactivity 
pocket ' f gas coincides with the intersection of the flame front and the screen 
flame arrester, there is a probability that the flame will penetrate the screen 


I 

'Equivalent hydraulic diameter 


4 X (cross-sectional area of passageway) 
perimeter of passageway 
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It i:' i"'.p r'tnnt t-‘ r;ake a dlstincticin between "burnin*:; vei.^city" an': 
jreed" ‘ :',e:'ererK-e Burnin;', velocity is defined as the sj;eed : t’ * ne pr i a-a- 

tirn r" a !'’arne fr .nt relative to the speed of the unburned pas. It is a pr iierty 
f the ra:; r''rap'siti ,;n and of the physical state of the unburned pas aixture. 

F". air.e speed ir, lefined as burninp velocity plus any press motion in the unbaiTie:: 
ras relative t a fixed frame r.f refei'ence. It is influenced by pros.' pas :r. ti n 
and by tlie re.rcetry af any enci'jsing structure. 

The pr paration o-f a fia.me in a duct can create gross pas motion. This is 
clearly illustrated if we consider a duct, closed at one end and open to the 
atiric.sphere at the other, r'ille.l with a flarranable gas. When the gas is ignited at 
the closed end of the .duct, the fl.ame speed is greater than it would le if the 
flame were started at the open end and allowed to travel toward the clsed end. 

In the case cf ei.'jsed end it'niti'.:-n, the burned gas is expanding ana pushing the 
unburned pas cut the open end of the duct, so that the "flame speed" is the S'ur:. 
of the "burninp '/elocity" and the gross motion, which is caused by the expansio-n 
L'f tlie trapped h-ct combustion products. In the second case, the ignition at the 
open end causes the unburned pas to remain stationary, hence the observed "flame 
speed" is nearly the "burning velocity" with differences due mainly tc. flamie fr'nt 
interaction with the duct wall. 

Whi.le gross gas motion does not change burning velocity by itself, there are 
aoiitional factors that cause enclosed turbulent flames to accelerate in burninp 
velocity. Acceleration jf turbulent flames in ducts has been discussei in a pre¬ 
vious JPL report (Reference 2-10) in connection with transition from deflagratior. 
to detonation. Little understor.d interactions between turbulent flame propagation, 
and the turbulent boundary layer on a duct wall can lead to appreciable accelera¬ 
tion of the burning velocity. The flame can be accelerated to such a high speed 
that shock waves become associated with the highly turbulent flame front, where¬ 
upon compressive heating causes still greater acceleration until detonation is 
obtained. In a confined duct, particularly in those with rough walls, turbulent 
flames can readily accelerate to the point where self-compressive ignition occurs. 
The transition from deflagration to detonation in hydrocarbon-fuel/air mixtures is 
an extremely improbable event in an open environment, but detonations can be ini¬ 
tiated by a shock wave from an external source, such as a bomb (Reference 2-11). 

I'ipes carrying vapors out of cargo tanks that contain volatile fl'immable 
;.i<iuid:3 may C'.uitain a fuei/air mixture within the flammable range, as illustrated 
in F'igure 2-L. A so.urce of flame ignition outside the vent stack, as iJlusti'ated 
in F’iguro 2-.’, may cause a flame tC' propagate int('i the vent stack. Flame propa- 
gatiai within a narrow pipe is particularly dangerous, because both confineriient 
■if the expanding h('t combuntii.n products and flame front acceleration iue to 
interaction with tiie wail boutriary layer can occur. In severe cases, the flame 
pr.papat.i ,n can bee'me a destructive detonation wave. The il lustrati 'i'. in Fig¬ 
ure 2 -,’ .ch'W:; a :'i rurio front accelerating inside a pipp ia I'ontj'ast t . ‘lie unif rmi 
rate f pr pag-iti -n in 't-he -ipen air. 
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Table 2-1. Properties of Selected Fuels 


Common Name 

Chemical Name 

Formula 

Molecular- Wei,'h’ 

Acetaldehyde 

Ethanal 

CH^CHO 

U'4.05 5 

But ane 

n-Butane 

^U^IO 

58 . 1-'3 

Diethyl ether 

Ethoxy ethane 


Ti.i22 

Ethylene 

Ethene 


28.054 

Gasoline 

- 

^ 8 ^ 15 .Uh 

111. 

Methyl alcohol 

Methanol 

CH^OH 

32,012 

Propane 

Propane 


I4I4.O96 

Toluene 

Methyl benzene 

CgH^CHs 

92.110 
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SECTION III 

TEST FACILITY DESCRIPTION 


A. 'lENERAL 

All te.'itinfc’; for this program was performed at the B-Stand facility ol’ ^ ho 
.Tet Fr pulsion Laboratory's Edwards Test Station. The E-Stand test ar<ia cur-oins 
an air compressor system, fuel system, fuel vaporizer and condenser 1.; r, 
and air induction system, facility piping, test flame chamber, and an oxhaus’_ 
burn stack. The test facility flow system schematic diagrams are shown in Fig¬ 
ures 3-1 and 3-2. Table 3-1 gives o description of the symbols used in the 
schematic diagrams. A detailed description of the major portion of this test 
facility is given in Reference 2-10. Some modifications and additions were ma;e 
t 1 inci rporate gaseous-type fuels, flashback flame testing, and sustained bnrr.inc 
testing for this program. 

The following is a brief description of the various facility systems inc. j i- 
ing the modifications and new additions. 


B. AIR COMPRESSOR SYSTEM 

A new multistage centrifugal turbine air compressor was installed, which i.o 
rated for 11.3 m^/min (i^OO indicated cfm) at 1*1.L kN/m^ (6.0 psid). It is di’iven 
by a ll*.9-kW (20-hp) electrical motor. Air flow in the 10.2-cm- (--in.-) diameter 
pipe system is controlled by a remotely operated metering valve and a remotely oper 
ated bypass valve. Flow rate is measured using a Meriam Laminar Flow Kiement (IFE) 


C. FUEL SYSTEM 

Two parallel systems provide a variety of either liquid or gaseouc fuels. 
Liquid fuel was supplied by a nitrogen gas pressurized tank with a capacity id' 
0.0l*9 m3 (13 gal) and a working pressure of 6895 kN/m^ (1000 psia). Fuel fl w 
was controlled by a remotely operated metering valve and measured with a turbine- 
type flowmeter. Gaseous fuel was supplied from a manifold containing two tyre-lA 
shipping cylinders having the combined volume of 0.08 t 6 m3 (3.08 ft^). The n rmal 
delivery pressure was 827^ kN/m^ (1200 psia). Gas flow was controlled by a 
remotely operated pressure regulator and measured with a precision-bored sonic 
orifice. The fuel gas temperature was stabilized for flow measurement using a 
water bath preheater. 


D. F’UEL VAPORIZER AND CONDENSER LOOP 

All fuels were either vaporized or preheated with a remotely regulated elec¬ 
trical heat exchanger before injection into the flowing air stream. A pneumaticaj1 
operated three-way valve energized to the RUN position directed the heated fuel 
into the fuel injection manifold. With the valve in the CONDENSER position, the 
heated fuel was directed into a water bath heat exchanger where most of the 
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^ INLfT FLAWf VALVE 

ARRESTER 

Figure j-l. Test Facility Fuel and Air Systems Schematic 
InstruraentatiLTi l.r, cations it r Fiar:(' Ar'-'^u-.ter 











Manual f ! ^-be valve 



Electric sol enoid -perated vaJ ve 

Electric motor operated valve 

Electric motor operated ball vaive 

Air piston operated ball valve 

One-way flow check valve 

Pressure relief safety valve 

Dome pressure regulator valve 

Manual set pressure regulator valve 

Electric motor operated pressure 
regulator valve (dome loader) 

Pressure rupture disc assembly 

Pressure ttage 

Voltmeter transducer 

Ammeter transducer 
Temperature transducer 
Pressure transducer 

Flame sensor transducer 

Flowmeter transducer 
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■ in *-h<? ttr.'i :_‘h;i 2 r;ber 

ihi^; 'niter reret;!,] e,i a r:: 


n :iir .{'tr'-. ^.Tiiter. :;'niter reretil.J e.i a ;'::'.a.. . r ■ . 

in.; ■' tiy ir ;t'en ras ana air were i^’;ni'|'; ty n .:; r;rr; 

■ nr ■ .n ehrij;.ber. Tiie resuitir;.-' t". fine wa.' ii!'e'.’''ri 

:■ .rn a rli n't n nzle r a n nninal iui'atinn ;/f i' ■; ii.-- i - 

were int- the end ih a .l.l-m- ( d. 5_ft. -) . nr ner-ii n 

ii'-u'.eter pipe ir.,.unted int'.' fittinra ';n the hottcin d’ trie te.'t 
i .'ui. i I', n" the irnition fLa.me was just below tine axi.nl rente 
or. li'.ere were three p'.'ssible locations f'tr the irniters; i 
*r.'t -n-rer.ter, (.?) rni dcl'iari'.ber, and (.I) downstreatri at tiie rhait: 
np.'.•.. I'PcLr and d^'wnstrejirn igniter positicn were use i d'.iring thf- 
on the .rtwnstreai.-'. igniter position was used, tiie fran.--iti,e ii't 
er exit was shielded from the flame by a sheet of al'aminurr. r 
teiy iO'j of the totai exit area. The aluminuin shiel.'i delayen 
iapiirarm until the flanie had traversed the length of the chat;:- 
test arrester on the inlet end. This delay made it pj.ssible 
: ty ,'t .i .^n pictures cf the flame impinging o-n the ai'rester le:' 
n..- exp sel to ambient light thrcugii the ruptured diaphragms, 
‘no i .rwnstream igniter and f.lame siiieii are shov/n in Firure 3- 


j.'T-FURi! SIACK 


t-:.)i.rn stack was required for this test facility in eorar.:.iance 
regulations covering the controlled release of hydriocarb.-n var 
rlished by instaJlin.g a 1.22-m (r-ft.) length of 30.5-cm 112-i;. 
g -n a vertically liirected pipe elbow at the exit end .'f the f. 
pipe contained a ducted fan and damper valve to c. ntr ,)i the exi. 
r: turn, maintained atraospheric pressure in the test char.oer i r i 
.'r i ral-w .-und, crimped meta! ribb >n arresters were attfi-'i.od t .. : 
!:a ..'.t rta.ck assembly to prevent the propagation f i'lami'O' int 
.■..'i;r;pie rake was installed just d'.iwnstrea.m of the inlet fin.n.f 
fuel/air mixture sample taken at this locatic-n was '’ed int ' 'u. 
hy !r..carb 'n analyser. The sample line was closed by a s len 1 i 
just, pri-ir t.' ignition to pr-bect the analyser. At the t .-r 
f-'i'-'k, ri shielde'i natara.i gas fired burner di.'-pc'sed of a! 1 e-I'l: . 
r iucto. A ph'ti graph of the exhaust-burn s^tack assemb.Iy <in ; ' 
i;rag’' at the exit )f the flame chamber i.s .sh.own in Figure ---1. 


i-Ur.:i:NG IKFT FA'-ILTTY 


i. 'ility pipiin." was mo.lified after completion of the flame ch'imber 1 1 . 
c'lte the flame arrester test assembly out to an open area fir the r 
.: ng tpsf.s. Two pipe elb iwf were inserted just upstream of ‘he witr 
1 wc" and turn the p'iping 90 de;.- away from the supporting ; tr-uct u'e 
p e.t, w was inserted between the d '.wnsti'eam end of the wiliioss s"-t 
■'utpo t.est. n.ssembly; thi:'- elbow directed the exhaust, fl w '.■u-t i-uh. 

, i:. i i -uro 3-8. The gas sample rake f. r l.he hydr-carb n .'U.'i lysa " o 
c wpcn the f .-anges up;'-t.i'e;im .if f,he test sect.i n. I.-'nit-i i- vis 
























SECTION ;:v 


INSTRUMENTATION AND COKTR IT' 


A. OE'IERAL DESCRIPTION 

Ail Instrumentation and c'-^ntrcjls at B-Starid facility were re::. :■ 

and r:i Tiitcred. Test system parameters were measured at tiie cc.-t .'i:.-: .. i’..' 

tricai transducers with their signals conducted to the bleckh'esc- r ■ n:'! 
recording, and display. Location and identification of ail r’Cr.-ira. :r.:,:tr’ 
tation parameters and controls are shown In Figures 3-1 and s-P. Iul - --i 

listing of the nomenclature for ali instrumentati',;;. and cal.'u.atea T'ar’si.epc 

Test system parameters were divided into two groups; ..1 steady-state 

speed), and (2) transient-state (.hi.ch-speed) data. Eteady-state c.o*n 
all the measured and calculated parameters for the air system, fuei 
vaporizer and condenser loop, fuel/air induction cystem, hy ;r .-ar; 'c.aiy.s 
and the pre- and posttest press .ire loss measured across tiie t.e.'t arre. 
Transient-state data includes the measured and ca.Lculated f.l!ime s; oe .ic and 
pressure.^ developed in the test flame chamb',?r and facility pirir;-, an; tine 
cess 'ir failure of the expei'iinentai flame arrester. 

Steady-state data was recorded and calculate! on the CFl—devei. i e . int 
Digital Acquisition and Controls System (IDAC) with back-up riy the now i.iwa 
Digital Acquisition and Controi. System (ED.AC). Transient-state data was re 
on two high-frequency FM tape recorders and played back on an osciii .i-:-arr. 
expanded time scale. Flame speeds and peak pressures were manua.’ jy scale ; 
calculated from the oscillograph traces. Flame speeds in the test ciiur.ber 
also estimated from the high-speed motion picture films. 

All critical control functions were either manually positioned 'i; tlie 
trois console or automatically operated by tne preset sequence timer, "her 
operations were selectively recorded using electrical '■ontact ciesure.' .n I 
EDAC, FM tape, or a second high-speed oscillograph. Two strate.gic'al ly p ‘:ac 
television (TV) cameras, with video displays in the blockhouse, nionit rea 1, 
fuels system area and the test flame chamber. Two high-speed m.-ti m t icv.i' 
cameras also recorded events both inside and outside the test flame ch'ur.her 
the actual test firings. Visual coverage and controlled access to the lest 
were maintained by a safety monitor in an observation tower ircatei ■ ■.■ir ti. 
blockhouse. 

A detailed description of the instrumentation and Ci^ntrols syr.ter ig 
in Reference 2-10. Modifications and new additions that were mace to ilie sy 
for this test program are described in the following parag,raph,s. 

B. TTEADY-f-TATE DATA 

The EDAC system is a new digital instrument recently iiist.alled al F T. 
was st L ! 1 in tlie process of functional checkout at the time of this pi' grari 
iL was used as a backup steady-state data cismputing and rec.g- iin,: sy:"t f 
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.-V.;' I'l wir.eter tempei'Hturo 
i uo-i pressure 

. l.;tnk temfxraturf- 
F UHuk 'iomc load'';' pressui’t 
; dine pr'-ssuro 
dint ti.'KTx-ral’.re 
: U' . riuwKeter I’l-equetn-;/ 

;-u'>.:u us fuel pres.v;re 
daseiUE fuel differentiai ju’essure 
Jaseous fuel temperature 
Fuel vapjriter outlet pressure 
i-'i.el vaporizer outlet temperature 
Fuel vaporizer core temperature 
rue; i.ujector inlet temperature 
Fuel/air mixer outlet pressure 
Fuei. air mixer cutl'.-t temperature 
i-'uej coridensor inlet ter.ipera ,ure 
Fuel condenser outle'- temperalui’e 
Coe.Iant vater inlet temperature 
laj'.t water outlet temperature 
Irilct tee pressure 
I.-Fiet tee tempei-ature 
Inlet section pressure 
f-’c abil izer section pressure 
Witness section inlet pressure 
Witness section center pressure 
Witness section exit pressure 
Inlet ot-ciion flame sensor 
Lltabil i c.er section flame sensor 
Witness section inlet flame sensor 
Witness sect,i(5n center flame sensor 
'Witness section exit flame sensor 
Flame chamber diffei'ential pressure 
i’lajiie chamber differential pressure 
Flame chamber differential pressui'^ 
Flame chamber differential pressure 
Flame cnamber flame sensor, St,a. 1 
Fl-iTK- chamber flame sensor, St.a. 2 
F1 ?ijne chamber flame sensor, St a. 3 
F]''.r:'' ctuimber flame sensor, Sta. U 
liacne oiuuTiber flame sensor, Sta. 5 
Flame chamber flame censor, Sta. 6 
FI ftme ..■hariber flame sensor, Sta. 7 











I'able U-1. 


Instrumentation and Calculated Test Parajneter riomt.-nc'i: lurt- 
(Continuation l) 


St.caJy-rtate 

raraineters 

Units, 

S.I. (Engr.) 

Description 

TT>* 

°C (°F) 

Witness section exit temperature 

T8l 

O 

o 

o 

Test arrester inlet temperature 

TIU 

°C (°F) 

Upstream igniter flame temperature 

TID 

°C (°F) 

Dovmstream igniter flame temperature 

TCH 

°C (°F) 

Flame chamber roof temperature 

TCL- 

°C (^F) 

Flame chamber lower temperature 

TCi: 

°C (°F) 

Flame chamber metal temperature 

T91 

°C (°F) 

Exhaust stack inlet temperature 

T92 

°C (°F) 

Exhaust stack exit temperature 

HCA 


Exhaust stack total hydrocarbon analysis 

PAl 

2 

kN/m^ (psig) 

Test arrester inlet pressure 

DPAl 

kN/mp (psid) 

Test arrester differential pressure-LreteE^ 

DPA2 

kN/m^ (psid) 

Test arrester differential pressure-tosttest 

PAMB 

kN/m (psia) 

Test area ambient pressure 

Calculated 

Units, 


Parameters 

S.I. (Engr.) 

Description 

ViA 

kg/h (Ib/h) 

Air mass flow 

MF 

kg/h (Ib/h) 

Liquid fuel mass flow 

A/*-’ 

ratio 

Air mass flow to liquid fuel mass flow ratio 

MFC 

kg/h (Ib/h) 

Gaseous fuel mass flow 

A/FG 

rat io 

Air mass flow to gaseous fuel mass flow ratio 


ratio 

Equivalence ratio 

VA 

m/s (ft/sec) 

Air flow velocity through 15.2-cm (6.0-in.-' 
diameter pipe 

FXX-FYY 

m/s (ft/sec) 

Average flame speed between two adjacent flarT:e 
sensors 

SX-SY 

m/s (ft/sec) 

Average flame speed between two adjacent light 
ports or a light port and the test arrester 
obtained from the motion pictures 
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■ ^'iL' :i r\i:.r iiy 

-'v- . -jCi:- ■i;::'; L'rie'i ■* 

: : . 1 ;:. ’O , i.' each '•. i t-^ i 

: :■ h< n u;:e:: rii'Ce ■■ ai ri;' t i.- 

t. ■;a] vu. m;,-;; th'- L-r;;'i neer i::r .nito .r 
r (-r a..' i^err'.a'mi; i’a.,-u;ati r..: .-'I'-r. aa a’, e ra;'i r;;-, p .y- 
■' 1 -; .ai i !u; i nv' ivin,- Iw :• r: r-. ii.p.T jaia:.;.-:. 

i.r.jiiie t' ta-izera, peri d j/j.!iPert;, p'-a'aiifa .;aza, a;, 
i::.e zarpe : 1 . Pi.e :*eareaP rdi , i .-e j ..r. r. 

a ::.a:--ietif tape, ,ine printers, and vlie ri nit ra;. 
e '.nen r rer-rd rt.n'are, I'rom wiiioi: p rttert pdayiackr 
. 'n :ati rin ar-e ::.a ie t.; the line printer. The . i;.e printer 
•err \.?ith •hanne] i ientit'icatian, eiirineerin.-' unite, an; ti::. 
r prainT.ab, e i r rraxiiiiuni eutp'at at P'dnts of intereet . Tr.e 
■■ri-„,inc rea.i-tit!;e displays of up t- 10 parair.eter.t vi*:h cha;.:. 
n.'-ineeririi-r units, and contact closure status. These display 
r 6 ru-epr. (-..a-jned pages. High and low limits can te assir 
rr. Ine limit .■'..;tput signal is cajiable of operating ccntr.l 
in.c a! •!rr.’ir. withit: 10 mil 1 isec-'.nds -f exceeding a limit. 

steaay-otate uata I'ro.m both the IDA? and IlDA? systems were 
uoi] ri.t e'xact^y alike. This discrepancy is reportedly cause 
e in the tine base for com.y.uter caiculati-tn between the two 
reS'.! ved. The EDA? systein when totally cperati ;rial will 
ho primary data .■■ystem for foliow-o.n proigrans. 

n i.‘ r. I 

n.: :-s tV.ao ■: 'f. i withstand repeated exposure to ambifrnt lioi; 
r.er.sit;'.'e t- the 1 iriit-bl ue cclur i.'f hydrocarbon flai’.e had t 
ti.r f 1 •isliL-ack ame chair.ber. The Du Mont Type 6291 p ilot iiiul 
as f.ar;.:; r.enr irs in the facility piping were not suitable 
h rescent at. inm n trio detect'^r .'an be deteriorate.; by bri 
D.taic typ'i.^ ietect rs, similar to. those reported in Referen • 
‘.his senr i ••. i vity , were used instead. They are tlie E.l an.i I 
i.io >: y-, •, V .!ta; ■ nToct..rs tliat have a spectral i-ango f;- 
1 oO ' ..hr; gr -.'1 wit.'n ri r:.,ax imium re.;p inse at 9000 ''00 11;:.' 

?' ■ 0 '. 0 - -A-itt. p-erati -rial amp'i i gpgj.r-, were ti.i.t t 

; ':r-iit,ry .• i-.-e.'' ' • i iy E? and 0. The detector and a.r.jilif; 
a >;■‘a'.i.'-u'-t i -hi a: u;:; i n;L';. bo x witbi a phototube viewii. - p rt 
‘'r • Tlimat.in;' so t. The distance from the c llicia* 

■ '■ ■ u. i t.e variei • [tinOLZe t.lie viewing angle anu .ietec; 

-I • 1. t.ne rir.e-time rer.p nr.e c.f the pih.'t.cv oi t.ai.' ietco-’ 

ha:, • h" ih t-, lier tubo, :.5 mi ci'oseconds c ’mpar'^u ' 

o ‘.nan ao pint,'' .• letecting the expanding at;:; .-i heri • 

'• 'ha.:'.; ii . 
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; :,:.e ! a;:ie : 1 T'i;:.;;iat.: a’.e;:.'i ty varyin.- uar ae ;! ai .y a 

-aural'e 1'. !t ia tjejiav-i ah:.: i r :'a,u:0'; Vy aravihaai :,a„ 

' . ai;’ i::i;-:ture ahter heavoa the fai’ihity lipir:;". hhe 

vLev, : wn int' the prapayat in:' :i; aj:.e at, rea ._.tf 

:'''a:ai, .e !‘ia;ne apeeJ tnefiaui'etient.:. 

oiiamher peak pressure rise was a.eaaaireh with f'ar Htatn?an; !■■. : iel a' : 

! ■ ;; :';'ero'.t h-ij, pressure-type transducer.s nrrantea at l.ri-m intervai:- 

. t ■ "iiO ii rizsntal center,'ine , the chatuber. it war inter.iei tiia: ti:ese i 
.-.■'i..; c.'.- ::.ear,ire the j rossure r-ise at tire chamber wai_ itr’inr the pasrare 

■ r.’:. Tri actual practice, they si.tiuitane'.rusiy fiensed the '.•i.:e ir. 
cr pre.fur'p :’r .r;. th.e spherica.Ly er-rpandinp bai.l td' l'..afie up tt ti.e print 

li ar:,ra.'rt rupture. The resulting re.tunance fruir. this pu’e.ssure spike iii 

■ ;.n- ::.ajkc.; any eviaen-ce o!' r’.aite pa.ssape pa.st the individual, pressure 

'Ini’ec r'larr.e sens.rs and tlii’ee pressure senstrs mounted at 0.31-m .l-ft,; 

1 .■■'.■•i.lt. rp jsite si.ies t f the witness section piping were used t' reccrd 

, a.cir’i.rk ri.a’te peiietration through the test arresters. Two of these i'i.ame sei.- 
. •.-.■ere a pn't 'muJ tiplier tube typ? and one was a photcvoltaic type. The pres- 

.■ .'Cl.' censr-j were all quartz-ci-ystal piezoelectric-type transducers flush-mounted 
'Oil- ir.siie wal .i. In aduitT h, there was a similar combination -d' pLame sensrr 
an 1 iro'ssure .reiosor in both the inlet igniter section and stabilizer sectirn .of 
i .ioy piLTing t.: record flame propagation up to these locations. An inlet 
'trrester stopped any f'urtlier flarr.e penetration beyn-d this print into the 
in rycte;:: pipin:;'. 

I:.':' .':;'nal.i fro'm all flame senS'irs arid pressure sensors located in the flame 
■na,",: .'in 1 :'a, ■ i . ity pipin.-: were recorded -..in two hi."-h-frequency FM tape recorcers 

■ 0 . 1 ; Lno r.cill graph. A 100-Hz or..led time pulse and the spark igniter 

■i.rr.'ng. -a. rec r.ie i and used as re‘'erence p-.'-ints for test initiation and 

11::.-' ■ ' 1 *! n between the various reo.,.rder.s. A typical e.xample :f '.ranslent- 

i';pn r • :'la::,o oham;ber sens'.-rs reo-.rde.i ti +.he i'M tape an.: playback . n 

•o. .' •11. I'raph wlnti at: oxpande.i tio.e base is sh wn in Fi.'ure 1-1. 

Til'"- hi A ' .'•.yst.e:': was used as tiie t;'ii!'i;a, ro^' rder f.; r the tliermal soak-bock 

I'g'i ire ! t)y therm-.-c uples incta.le.i n t!:e flar::e arrortero d.irinr sustained 

; .r:.l:.c tests. i-ec r ied at mi 1 1 ise.' r; i s 'an intervals, the data was time editel, 

: h'U’k, ari i printO'.; at t in:e int.ei'v-;.s ran;-ir;:' ;'r m 5 t, ITO sec -nis, depen ;- 

1:.:' I. the .on.-tii of te.st an i tiie ran.: i er.‘-.-.tate i f tiio data. Vide. !i.:play.- f 
S'’. 0 ,1 -1 i me f i arrester ter;peratui‘'' i:g a were monitored during the tesd t 

■ f: amo ).enetrat i or;. Tiii was later ■-.nl'irmi'd by data from tiie I’liime sen- 

:n 'Oil pres.nire sons,, tn: in the wiino.-.- se-ctL n piping that was roc r ie i .i. i'll 

".a.-?, "tie t'lfo 'tnd j'layed ba.-k eii *.iie ...■■i.. .-raph. 























D. flAS-GAMPI.E ANALYSIS SYSTIM 

The t'as-tf;aniple analysis systeir used for this prograni is desei’il.o ; in 
in Reference 2-iO. Briefly, it is an on-line system that utilizes a ;;e -ki a'. T 
loo T .tai Hydrocarbon Analyser ins’crument combined with a IFl icsigne ; and fn; ;-'- 
cutod air dilution and calibratior. system. The analyser automatically and :■ • - 
tin.u'.usly measures the concentration of hydrocarbon in a flowinp r^as : ’L'-pie, 
utiiiziny the flame ionization method of detection. It was calibrate.! usinr rr - 
pane i fJtiHg) and air mixtures. To analyse other hydrocarbon fuel and nlr ::dx' , 

t.he number of carbon atoms per molecule of fuel had to be in a ratio \ , that 
propane. A flow system schematic drawing of the complete gas-sample analysii- 
system is shown in Figure h-2. A listing of the fuels and their propej’tles 
are used in this program is given in Tables 2-1 and 2-2. 

The hydrocarbon gas analyser was located as close to the test flame char.ber 
as practical to minimize response time. It was placed in a steel-walled pr&tej- 
tive enclosure adjacent to the exhaust-burn stack. The gas sample rake was 
installed in the inlet elbow of the exhaust-burn stack. A three-way solenoid 
valve provided a gaseous nitrogen purge through the sajnple rake when r, .t in use. 
Analyser response time after activation of the three-way sample valve was apprrx- 
Imately 30 seconds. Figure 3-7 is a photograph of the protective enclosure 
housing the gas analyser located next to the exhaust-burn stack. 


E, PHOTOGRAPHIC DATA 

Two motion picture cameras were used to record every test firing. One 
camera was positioned outside the flame chamber with a view of the entire test 
section assembly. Operating at 32 frames per second, this camera recorded the 
rupture of the flame chamber diaphragms and the extent of the emitted flame plume. 
The other camera was positioned adjacent to the flame chamber observation window 
with a view of the inside of the chamber, including the upstream igniter and the 
downstream face of the test arrester. Figure 1-3 is a photograph of this camera 
installation. Operating at 100 frames per second, it was possible with this 
camera to record the propagating flame front inside the chamber. Four light 
ports, equally spaced on the opposite wall, provided reference points for deter¬ 
mining distance traveled. A schematic drawing of the flame-chamber camera instal¬ 
lation is shown in Figure 1-1. The distances traveled by an expanding spherical 
flame, when viewed by the camera, are indicated between each adjacent Mght pert, 
and from the light port in line with the igniter to the face of each o:’ the T'-ur 
flame arrester test assemblies. By counting the number of motion pictiire frames 
required for the flame front to traverse these known path lengths, the lapse 
time was estimated and the average flame speed was calculated. The fltune speeds 
obtained by this method will not necessarily agree with those calculated from 
the flame sensor data, because of the different sight locations and viewing 
angles, but they are of the same order of magnitude. Figure 1-5 is a elect e.i 
series of six photographs taken from test motion picture film showing a tv'!uoi,e 
air flame propagation from ignition to sustention on the downstream face of tiio 
dual 20-mesh screens arrester. Figure 1-6 is a similar scries of phot 'f'raph.' 
showing a toluene/air flame propagation from ignition to penetration into tlie 
open ended facility piping, causing an eruption of flame from the pipe. 
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( b ) 

iT. 

8 to 

9i.3°C 

UOO to 200°F) 

( c ) 

93. 

Y to 

1Y8. 9°C 

(200 to 

300°F) 

( i) 

1Y8 

. 9 to 

20ii.)4° 

C (300 to 

1*00°F) 

(e) 

20!i 

. Y to 

276.7° 

C (too to 

530°F) 

;f) 

2'6 

. 7 10 

i260°U 

(530 to 

2300°F) 


± l.h% 

± 0.85% 
± Q. 65 % 
± Q.U9% 
± 0.'n3% 


(). ) Uncertainty tor air-velocty or air-mass-flow ca''-"ns ic ±'..871 
of value. 


t5) Uncertainty for liquid-fuel-mass-flow calculation is ±1.93o 1' va.-.c. 

(6) Uncertainty for gaseous-fuel-mass-flow calculation is +2.83" 'f va. 


'Y' 


Uncertainty for calculated air-to-liquid-fuel mixture ratia ani 
equivalence ratio is ± 2 . 69 % of value. 


(8) Uncertainty 
equivalence 


for calculated air-to-gaseous-fuel mixture rati 
ratio is ±3.^1%. 


and 


Using the uncertainties listed above, the maximtun uncertainty that car. re 
expected for the measured and calculated steady-state test parameters ass; ciaTe.i 
with the average value at standard test conditions are listed in Table' 1-2. 


The transient-state data were recorded on an Ampex Model FR 2200 and an 
Ampex Model FR 3020 high-frequency FM tape recorders. PhotovcTtaic detector fiav.e 
sensors were the primary instruments used to determine flame speeds. Jtrain- 
gauge-type differential pressure transducers were the primary instruments used 
to measure peak pressure rise in the flame chamber. Flame sensor and pressure 
sensor test data, along with pre- and posttest calibrations recorded < n the FM 
tapes, were played back on an oscillograph at an expanded time base. The follow¬ 
ing is an analysis of the uncertainties associated with transient-state data 
assured with a 95% (2a) probability. 

(1) The uncertainty of flame chamber peak-pressure rise measuren;ent is 
±5.85% of transducer range. 

(2) The uncertainty of calculated flame sensor flame speed measurement is 
±5.i+5% of value. 

(3) The uncertainty of calculated photographic flame speed measurement is 
±10.07% of value. 


The maximum uncertainty that can be expected for measured and calculated 
parameters associated with the averaged values of flashback flame speed and peak 
pressure rise in the test flame chamber at standard test conditions are listed 
in Table h-2. 
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li'c-rtaitity !' r Meai'-ure.; ari i 
.■ a' tile i-tandai'a Test Cast 
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i t i . ]i 




‘r 

Symbol 

\lnL'erl. a 

' 11 •; 


1;' 'V’:/' ir.let j'rensuri-- 

PBO 

±0.27 kii/m'^ 

.0x9 r.:A- 

1 if rei'ent ial [iressure 

DPO 

±0.0083 kN/m" i 

+ 0.0C'.' 

.e'."'-''.’ exit levipera^ure 

TO I 

±1. (±? . R'^F'' 


■ ;'r ::iure 

PPL 

-lU.O kl'j/m^ (±. 

.C prir 


TFL 

±0.9°C (±2.t°f: 



FMF 

±0.8 Hz 


i'-/-- ■ r'ao' i.ine ^.a'essure 

PGF 

±17.2 kN/m^ (if 

.50 psiei 

•■'it.-i line temperature 

TGF 

±0.9°C (±2.7‘"F 


er inlet pressure 

PAl 

±0.269 kN/m"^ (± 

0.0-9 IS-? 

i-.r, arrester differeiitial pressure 

DPA 

±8.3 N/m (±0.0012 rsi:ii 

I'-r' '■rea £irr;bient pressure 

P/J'iB 

± 0.538 kW/m^ (± 

O.OTc psia 

I. i ;-s flow 

MA 

± 1.90 kg/h (± 1 . 

19 Ib/h' 

A : :■ Ve ; OS i ty 

VA 

± 0.083 m/s (±0. 

27 ft/'s; 

' i r,<il-fuel-mass flow 

MF 

± 0.158 kg/h (±C 

.35 Ib/h;: 

Air t : i'pi i i-fuel-mass ratio 

A/F 

±0.35 


iare ■■ur-i'ufl-mass flow 

MFG 

±0.21*0 kg/h i±C 

.529 lb,i7 

.•'■.ir ;-:':,;t-ous-f’'ei-mass ratio 

A/FG 

±0.1*1* 


i i .iv'vi.en^e ratio 

4> 

±0.01* 


''i'sr'.' r.tpjnber peak pressur<' rise 

DPXX 

±121 N/m^ (± 0.0176 psi,-;' 

1 an.'-; f'risor flame speed 

FXX-FYY 

± 0.19 m/s (±0.t 

1 ft, si 


f-f.-'i iiif’ r'larne ;'nee>i 


±0.35 m/s (±l.lc ft/s' 


SX-SY 
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BECTlOn V 

i’KET :rERAT[:C(> FHOCEDURi-.E 


A' test ; '■■atir.t'; procedures inv;;lvlnf' fuel transfer, r i.ei'f r: o j v/lt: • 
fues s;. ste::. pressurise i, required the sa,fety tswer cperat.'S I Le ii. : sit: 
nionit.r al i >' rstuuication on a headset, and contrcl access to the test aret- v. 
the sai'et.y status itt'nts. The test stand was norrr.a’ly iti a : :j:iti '.n, 

which, peri.'sittel - pen access tc all personnel. Fuel tran.sfers ant tef prerasa- 
ti ;ns wer-e petut.rraed in an AMBER et^ndition, which re. trictea n n pera* t .nr n 

nei t;■ tiie w rksh tp area, unless permission was rratitet t enter t;'.e:' areas. 

RED cjnditi'-n, which isolated the test stand and the stirr u:'.'.irir iesicitate i area 
from aix perscnnol, was used during actuau test. 

A n'.inimurr: ef two men was required at the site surinr fue'. trar.3:'ers an'; 
test preparations. Fers^^nnel safety equipment included :;ard hats, fa'o shiei h;, 
gloves, fire retardant coveralls, and for S';me fuels, hr-eatl'.ing air sy.-'teir.s. 
Additi'onal safety equip.ment was available including safety sh wsr.s, eye wa.s;;e.c, 
and the Flrex water deluge system. All operati -ns, except the replace..:.er.t 'uf t;- 
flairie chamber uiaphi’agms a.nd the changing of the test fl-arr.e arrester, were per¬ 
formed using f'-rmal procedures in the form r.d' check lists, witii indivi dual pages 
dated and tiiried, and with each step initialed by two persons witnessi’..' th.e e-.-ei. 

Al'. i'-niti'-.n-c'^mpletion key switch, which prevented the actuati .n o' the 
hydr<;is-er;/air spark Igniter except d'urir.g ci.eck.uits and test cperati., ns, was 
locate;! at the test stand. 


B. OpFJRATTnG i’HOCEDURE CHECK LT;-TC 

The ;’:jll'iwinr in a descriptiuti ; f tlio ■..•peratin!' procedures and check '.isis 
used in the flashback flame tests. 

1. r retest .Aystem Check; cuts 

a. ! rel i::: inar'y Check . This check confirmed proper installati ri of tlie i c- 
item, in.';tr'u.7!<=‘ntati un and control cable connections, readiness ;d’ tiie nitrc.-er; 
press.urant anu pur'ge system, selection of the proper fuel supply me de, request e; 
ph' ‘ographic o verage, and tljat the safety . ^-ctem was operati rial. 

b. hj eot rcniechanical Checkout s . These onecks examined, at the tost s.i a; ; 
the vei'all C' nti' ;l system readiness by individual confirmati sn of pr p^er spor-i- 
ti'Ui cf eaoii ontrA in the blockhouse. 

Cocpencc Timer/Emergency Circuit Checkout . This clieck uit operated t:.; 
pre;;et ;i it,; mat.io sequence timei', without actual fuel flow, while res -rding r- nt >• 
clement act.uat Ions on the facility oscillograph. Sequence times d’ the vari. ;,s 
element.; wen: meas.ured and adjusted where necessary. The sequence w.ns then 
rpeatfl, a t i i nr a .shutdown with the emerg.ency switch to confiimi proper emergens 
;vr it. '-li a/Cjiat i' n;;. 






,i. L.eak Check . These checks provided •< ."c :e os nitroRen syster 
.•tt :::ax L.’.rc!. .peratlriR pressure for the fuel sys'em, :'iiel vaporizer and ;ide;..:or 
: 1 , o-j induction sysleiTi, and the air conipressoi- s.ysteni. 


. 1.: The four checklist piVjcedures described above were not pcrforir.e ; 
re eo T-i test, but were dtuie when special circumstances, such as c :.'.p„ner.t 
■li'Ci. et , ’to . functions , 'tr severe weather, were encountered. 


T. r io'. Tr’ansfer Procedures 

a. ir.pellant (fuel) Fill Check Lists . These procedures were provide : f r 
t rant, ferriti.o 1 i'puid fuels from their storage containers into the test stand :’ue'. 

.ppiy t'Uik. Propane and butane were transferred via their own vapor pressure. 
'.he * uer liquid fuels were transferred from drums by means of an air-mctor- 
ii'lven puTip. It was common to expect up to five separate tests in a day, eac!. 

f whi da required approximately h.6 x 10~3 ,1,3 (q gal) of fuel. Theref. re, tr.e 
fuel supply tank was topped off for each test day. The gaseous fuel system w'as 
. a led by siiiiply connecting new pressurized gas cylinders to the supply manif Id. 

b. Propellant (fuel) Offload . These transfers from the fuel supply tarik 
were n rmally returned to the appropriate storage container. Small quantities 

f pr pane . r butane could also be disposed of through the burn stack. Generally 
fuels fr im the vaporizer/condenser loop remaining in the collector tank were r. ■t 
suitable for i-ecycling and were disposed of as waste. It was necessary to empty 
the cr;Hector tank after every two days of testing. 


j. Test Preparations 

The Test Preparations Check Lists for instrumentation and test systems were 
jmpleted concurrently on the day of testing. In the blockhouse, all patchLuar i 
cunnections were completed and instrumentation was setup. An end-to-end Instru¬ 
mentation system calibration was performed. At the test stand, various safety 
check and facility setups were made: condenser cooling water was turned on, t'ne 
riydrucarbun analyzer was put in operation, and the hydrogen and air gas pressures 
•were aiju-sted for the igniter. At the control console, the air compressor was 
z.tarce.i and the air flow adjusted by means of the air metering valve and the air 
bypass val'v'e. After the air system temperature and flow were stabilized at the 
iesired values, the test flame arrester pretest pressure loss was measured and 
recorded. 

The fuel vaporizer heater was activated, and nitrogen purge gas flowed 
thr'.ugh the heater colls and into the condenser for the preheat cycle. The test 
stand safety condition was changed from GREEN to AMBER. The fuel supply tank was 
pressurized with nitrogen up to the desired operating pressure. The vaporizer 
heater nitrogen purge gas was turned off and fuel flow was metered at a low level 
The I'uel flow was increased up to the desired test condition as the vaporizer 
heat.er reached the operating temperature. 

PL'nal vi.suaJ checks were made of the test stand area, and the ignition ccm- 
t'i<-'ti -n key :'.witch was turned on. All operating personnel evacuated the test 
st'ind area an.I its safety condition was changed to RED. 
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4. Bli ^ckhC'UL-e t'reparali ■_ r; 


■kiio^je ! ■■■ej ■; 


,i lc---±:\ witii a wea^l;c!• . lat! 


veBoLty an-i iirei'Bi n and tiie 1 va’ Bar rrc.-/ . r’’j. ' r.'ra. 

rir.'iiLta !'; r ii-nit i ri an j eriei'rency nhuta vi; n.- ar::.--: a 

nifirajit panel swiPoli ar,d itn coiiBl rr.e j. '.■.'itii le 

their perati!!.-- p.'niti th(- tent eotiditi n:; wer<j reviewed and c 


a: nne,. n 


their perati!!.-- p.'siti th(- tent eotiditi n:; wer<:- !-eviewei and c riBirn.ed. 

pi-etest instruirientati n ibrat 1 -n was recer jee. a’".: tr.e • -.nta^wn pr cedur- 


■mtdf:,wn 


t,ypicat 


suntdown" procedure f.allows: 


(i) An announcement was made over the public address system tn alert ren: 
nea in the f^eneral area that a detonation may occur. Generally, the 
detonation noise was very intense and sharp, capable of creating at. 
indirect hazard. A horn signal was also sounded. 

12) The IL'AC tape, EDAC tape, printer, ana oscillograph were turned .il tiv a 
Blow SPEED. 

i.B) The hydrocarbotn analyzer purge was turned OFF, allowing the analyzer t 
sample the fuel/air mixture flowing thr'-.^ugh the exhaust-burn stack. 

(uj The f!tel mixer valve was changed to the RUN position, allowing fue. t . 
flow t' the test piping f-r the first time in the test sequence. The 
burn-stack-purge valve was opened to sweep out combustible gases fr 
the collector tank vent line. The oscillograph was turned '.''FF. 

(5) ••''■s the fuel/air mixture traveled through the facility piping and into 
the flame chamber, the hydrocarbon analyzer responded with a stea-ii’-v 
inin-easing signal. The countdown timer was then stopped i’or a HO’T 
peri id, while fuel flow and air flow were confirmed or adjusted, if 
necessary. During flame chamiber testing, the time required for the 
mixtiire ratio of chamber exhaust gas to reach the desired levei ran.-e; 
fr ^rn 2 t.: 27 minutes due to differences in chamber temperature, fue. 
density, and f'' ••'-through characteristics in the test chrimbei'. 

(6) when the COUNTD(.jw.. resumed, the IDAC tape, EDAC tape, and prititer 

were switched to CONTINUOUS MODE and the oscillr,graph and movie camera 
were tiirned ON. The vaporizer heater was turned OFF ,flame chamber 
tests nly) t-- prevent electrical switching noise on t.he data traces 
during the test. The high-frequency I'M tape recc^rdei' was t’urned (tN. 

(7) 1 he hydrocarbon analyzer purge was tui’ned ON, again isinlating it fr r. 
the test system to pr- tect it from pi^ssible pressure pulse iajv.age. 

(8} Valves were actuated the Cl.'.iSED piusiti-.-n to isola' e the 1 'w-p:'es;-- n'e 
trajislucer from possiiiJe pressure pulse d-d;iiage. 
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, Lter was AHMFi; [■;/ a 


t! . .lit . ; . 


le aad t:.o 03 ci. .' j.t apA wt 


s>: ,'Deuce ^ inier '.vas time; I,'. -auEed the i -nit.er t , fire :'jr 

iO ;;:C. !■' ;■ t'. fUr.o 'j'hair.ber te.;ps^ tne iiv-ir i'en and air valves f r r t;ie 
i.-nitcr v/ere ' pen-ri an.; ti.e- ran;;’’ rr.er enertuz inil t.he spark plur 'i';. 

: u e-e : si;tui’.ane >ur iy. A'-tDa.. iurai ! n f the fla::.e was ,10 to i j J piS . 
i' r D.~trii;ie i burniiir tests, n,; the transformei- energizing the spark 
1 - le i,'niter was f wt.-red I'sr j'iQ nis. 

1 i.c en i the iesirod t'cst tirte, tin:- f t;st was terniinatei by rper- 
ati.'f ^,iie hMKR'OEriCV CUi FF switch. itr ■.'.arae chatiber tests, this 
■ ''P'-re : five second.; -ifter ignit. i. n. F r .;u.ctained burning tests, 

cc,i;--e; thirty tr.in ites after ir^niti n cr when flame penetratl.r. 

■ 's-jr.-'e.!. ."'he EMEROEF.'V ■’ljT''FF switch triet-'erei the fullL;wing events: 

fDv- .’.'.ii'ier vaive was switcl'.ej fr m RUN to 'OONDENSE position, vaporizer 
T .r.ce wa.; turned ^N, vaptrizer iieater was turned OFF (sustained burnir.g 
test.' t’iiy ), f'ue i tank outset vaive (liqui-d) was CLOSED, and fuel 
■yjin;e." ut:et valve (gase-.rus) was CLOSED. 

i’he igniter was UN.ARMED, the oscillograph changed to LOVJ SPEED, and the 
hi.r'requency tape turned OFF. 

i'lv.' ;'uel metering valve was (’[.OSED and the movie camera was turned OFF. 

F ie' s .rjt'iy t;vnk pressure transducers were vented and a posttest caii- 
brate was perfcrmed on the instrumentation. 

Fuei supply tank pressure transducers and the test arrester pressure 
tra.ns'iucers were reopened to the test system and all instrumentation 
was t'irned OFF. 

'rnpressor air flow was maintained to purge residual fuel and combusti- n 
by-pr cJuct.s from the test piping. 


I'le r .3tto;:t procedure included a visual inspection of the test stand. The 
*-'.n i ca:‘oty c ndit.i ^n was changed to AMBER. Reentering personnel inspecteu 
;r‘ure div'- assembiles, and replaced discs as required. The posttest flame 
pres.-.ure I ss was measured and recorded. Chamber diaphragms were 
; f' r repeat;- of f i ame chamber tests. 

•' '1 repeal te.'t was to be made, the hydrocarbon analyzer was checked cut. 

'.'f "e; a-at i Fr-cedure would then be restarted from the point of turniiu: 

■ 0 ivpres;: r. 

wi:,.- ‘tie : test ■ f the day, posttest end-to-end calibration of the 

y'.'.erg a/ ■ 't.em was made. Fuel in the induction system was pushed back 

■ ■ ■ ,] j y ''D.k an i t he isystem thoroughly purged with nitrogen gas. 
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Immediately after each test, the data recorded on the FM tape recorder was 
layed back onto a quick-look oscillograph at an expanded time scale of 8 to 1. 
.his data told the test conductor that he did or did not get ignition, that the 
flame arrester quenched the flame, or that the flame penetrated through. If the 
flame arrester was penetrated and the flame speed was high, a playback rec.jrd wa 
made of the FM tape data at an expanded time scale of 32 to 1 for greater resr;- 
lution. These records were then analyzed to determine flarr.e speeds and peak 
pressure rise data. 





A. 




AKCTIOFJ VI 

FACILITi CHECKOUT TESTS 


SUHSCALE FLAME CHAMBER TESTS 


A series of tests were made to check oat facility syster;.- insta..-^; 
ly fjr the flashback flame tests. The Initial tests were ii'. m s .r. r-3,e 

chainber wnile the full-scale chamber was being fabricated. Th'U'e c 

ducted to evaluate the new hydrogen/air spark igniter system, t lie . per’at i:!.- : r - 
cedures required to fill an enlarged chamber with a combustible fue. ':ir r.Ix* u'” 
that c-.'uld be verified with measurements on the total hydrocartii n ar.u ^yser, i 
effectiveness of the frangible plastic chamber diaphragms, and, fi;ja...,v, tne 
extent and nature of the problems associated with the flame plume emit tea fr 
both ends of the test chamber following the diaphragm rupture. 

The subscaie chamber shown in Figure 6-1 was made from an existing piece 
of steel pipe 0.91 m (3 ft.) in diameter and 2.13 m (T ft.) long. It wa.s rn unte i 
'->11 supports at the exit end of the facility piping. A commercial rre."-Vn ■ sore^n- 
fiame arrester housing was Installed downstream <'f the witness seeti n f'r *hese 
check-out tests. Frangible diaphragms made from 6-mil-thi(’k black p.nyethyiene 
plastic sheeting covered both ends of the chamber. A nominal IS-E-cn-.- \6-in.- 
diameter hole in the upstream diaphragm provided entrance for the fue^ 'air mlxiurs, 
and a nominal Y.6-cm- (3-in.-) diameter hole in the downstream diapnra.'-n pr vido: 
the exhaust exit. The gas sampling probe for the hydrocarbon analyser was 
positioned at the center of the downstream hole. The hydrogen/air- spark igniter 
was mounted on a length of pipe in the center of the chamber, such that the p int 
■jf ignition was at the axial center aine. A himh-speed moti. n picture camera 
viewed the interior through a windoiw port in the bottom of the flame cnamber. 

Seven test firings were made in the subscale flame chamber using gasoline' 
air mixtures at an injecti‘>n equivalence ratio ranging fri'in l.i to i.s (A. F = li.^9 
tc> il.2'i). The injecti'-.n velocity was 1.92 mis (5 ft/s) through the 15.2-cm- 
(6-ln.-) diameter piping. Three tests were made with a dual I'O-mesh screen 
arrester installed in the Fres-Vac housi.ng,, and four were made with the arrester 
screens removed. Ener,retie flames were recorded in the chan.ber when ignition was 
made after the hydr-'carb.on analyser measured an equivalence ratio of 0.7 (A F = 

20.dd) or higher in the exhaust flow. The flames entered the piping on every test 
where the screen arrester was removed. On the first two tests with the screen 
arrester installed, the flames were quenched. Fiowever, on the last test the fiame 
did penetrate the dual 20-mesh screen arrester and enter the facility piping. 

The motl in picture data from this test sh'wed that the hydrogeti.-'air spark igniter 
was still burning at the time the propagating fiame entered the arrester housing. 
This would have resulted in excessive flame speed that caused the arrester faiou’e. 
f’osttest inspection revealed n" damage t.c- t.he screen arrester. 


Bfjth chamber diaphragms ruptured and burned on a,i tests. The peak 
pressure rise recorded ranged from 2.0V to 2.[6 kri/nr^ (0.3 t ' (i.V psi i'. 
flame pliume emitted from bot.ii ends of t.he chamber t'xt ended for a liistatice 
1 m ( 3.3 ft.). Ail instrumentation and cabling within tliis area required 
protective covering. The audible noise associated witii diapliragm rupture 
Flashtifick flame in the f.acility piping did not (ir •du-e detonat. i -ns. 
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Tile i -niter war. relocate i tc tiie center ■ i- the ihar.ber an; ihe t-.■ t 'lirin-j 
were re['eatea. Witii tills tn iifij-uratio-n, the fiarne sens rr rec r ;ed pr i a- 

ratirti in b th the upstiea:: an.i iovustream directions bei'.re t;.e •ha;:,; er .;i a; :.r-a 
wei-o l-.wn out. Ca,*c'ulate,i ;'..ai:.e speeds ranf-ea 1. t> t- ■••o to ;'t,.;, 

anc tiio t’iame did rut penetrate the screen arrester. All chamber pre;;su;-c sei.s.rc 
sirnultane )usly recoi’ded a peak pressure rise around lOGO U/m"' ,0.1-.5 psid' ,T.ct 
bex', re the diaphraj^ms ruptured. 

The l.yniter was relocated to the upstream position, which place.i the p .i;.t 
sour-ce )f ignition only i'6.d cm 130 in.) frora the downstream face of the scree;.. 

Jne test firing was maue with this confi/;uration where the flame penetrated t:.r 
the screen arrester and into the facility piping. Posttest inspection aid no;, 
reveal any damage to the screens. Motion pictures taken of this test showe.i txie 
ignition sequence and the rapidly expanding spherical flame front. It was esti::.ate 
that the flame speed was in excess of 15.2 m/s (50 ft/s). This unus.xi'.lly nigi; fxam 
speed was .most likely caused by the localized influence of the hydrogen/air spark 
irniter that was programmed for 2.0 seconds duration. The igniter durati .n was 
reprogrammed to only 0.2 seconds (200 ms) on ail subsequent tests; this eliminated 
the high initiation flame speed. 

When the igniter was relocated to the downstream position, a 1.52-m- (5-ft.-) 
diameter aluminum plate was installed to cover the central area of the plastic 
diaphragm on the flame chamber exit. This flame shield covered about 10% of the 
total exposed area and delayed the rupture of the diaphragm for a sufficient len*'th 
of time to allow the flame to traverse the length of the chamber. Motion pictures 
taken of test firings after this modification showed that the flame propagation 
path was predominantly in the lower half of the chamber. It is believed that 
this is caused by gravitational stratification of the fuel/air mixture as it 
enters the chamber. The 1.52-m/s (5-ft/s) injection velocity is not sufficient 
to produce turbulent mixing within the large chamber volume. It is, however, 
representative of the worst-case condition of a fuel storage tank venting vapors 
cn a calm day. The results would be a flammable concentration of fuel vapors 
collecting in the tank area, causing a very hazardous condition. In the test 
chaiTiber, the stratified flame produced very inconsistent readings on the flame 
sensors mounted along the horizontal center line. To correct this situation, 
the flame sensors were relocated along the top center line, where the field t' 
view looking down into the chamber included the low level flames. The resulting 
flame speed measurements were much more consistent. 

The flame screen assembly, which is mounted in the center of the Pres-Vac 
housing, was 20.3 cm (5 in.) upstream of the exit flange. In this position, the 
screen surface was not visible to the motion picture camera and the flashback 
flame impingement on the surface of the screen could not be photographed. Foi' 
the last series of checkout tests, the Pres-Vac housing was replaced with a sh.rt 
i5.2-cm- (6-in.-) diameter flanged pipe spool section to provide the adaptor 
mounting for the screen flame arresters. The screens were installed between tw 
flanges at the pipe spool exit, where they would be in full view :.f the moti ,n 
picture camera. Figure 6-2 is a photograph of a single 30-mesh screen arrester 
mounted in the pipe spool adapter. Two test firings were made with tins test 
assembly using propane and air mixture at an equivalence ratio of 1.1 and a fl -w 
vel;-icity of 1.52 m/s (5 ft/s). Both the upstream and downstre;im ignii er positi ns 
were used. Flame speeds from t'.) (’.62 m/s (15 to 25 ft/s) were rec rded and 
the flame .lid not penetrate the single iO-mesh screen ax’rester on either test. 
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started to evaluate the four selected types of flame arresters with one or m/.fe 
- !' the eight preselected fuels. To reduce the niimber of possible te.sts, a st.anaa 
test condition was established that would use an injection equivalence ration (j.O 
to 1.2) producing the theoretical maximum flame speed for the particular fuel/air 
mixture in use and an inlet piping flow velocity of ].52 m/s (5 ft/s). Ignitircj 
w )uid be initiated at an equivalence ratio (O.T to 0-9) well above the lower 
flairjnability limit as measured by the total hydrocarbon analyser sampling the 
mixture flowing in the exhaust-burn stack. 
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SECTION VII 

DESCRIPTION OF FLAME ARRESTER TEST ASSEMhLIFP 


A. CENERAL 

The U.S. Coast Guard has approved the use <'f b.ith a single 30-mesh screerj anj 
the duaJ 20-nesn screen configuration for screen flame arrester's n U.S. ILa.-- 
vessels. Their purpose is the prevention of flame passage !’r r:. the -pen dei-k 
into cargc tanks through vent outlets, ullage ports, hatches, 'r butterwrrt.h 

plates. Th^ wire cloth material used for these screens must be resistant t' “he ! 

marine environment, i.e., resistant to chemical corrosion and salt water riistino- ^ 

In addition, the wire material must be resistant to high-temperature .'xidati n : 

in the event an accidental flame impinges on the screen surface for a prol noed i 

period of time. 

-w 

These requirements served as guidelines for the selectiO'C of flame scr^eu; 
arresters to be experimentally evaluated as part of the U.S. Coast Guard fui.ie-j 
portion of this program. The NASA funded portion was directed at evaluating tw i 

generically different types of flame arresters, namely the spi ral-woutjd, cTimpi-'; 
metal ribbon, and the packed bed of Ballast rings. These two types of flange 
arresters have been shown to be very effective in quenching gasoiine'air mixture 
detonations in a piping system, as reported in Reference 2-10. The pr -pagatitjr- 
flame speeds for detonations were in excess of l800 ra/s ('3906 ft/s). it remait.ei 
to be demonstrated that these arresters are also effective against flames with 
speeds in the range of 1.5 to 9-1 m/s (5 to 30 ft/s), and that they remain effr ■- 
tive under sustained burning test conditions for periods up to 30 minutes. 


3. SINGLE 30-MESH SCREEN ARRESTER 

The single 30-mesh screen arrester was made from standard-grade stainless-steei 
type 316 wire cloth having the following dimensions: 

Mesh size: 30 x 30 per lineal inch 

Wire diameter: 0,033 cm (0.013 in.) 

Hydraulic radius: 0.0516 cm (0.0203 in.) 

Open area: 37-1% 

The type 3l6 stainless-steel wire is highly resistant to chemical corrosion and 
rusting. It will also resist thermal oxidation at temperatures up to 760°C 
(lU00°F). Nichrome wire has a higher thermal oxidation resistance, up to 9T2°C 
(1700°F), but is less readily available in wire cloth weaves. 

The single screen, with a Vellumoid gasket on either side, was installed 
between the exit flange of the 15.2-cm- (6-in.-) diameter pipe spool adapter and 
a bolted-up, slip-on flange used for clamping, as shown in Figure 6-2. The fuel/ 
air mixture flow velocity in the facility piping varies inversely with the cross- 
sectional flow area, therefore the standard 1.52-m/s (5-ft/s) flow vel v'ity in¬ 
creases to A.1 m/s ( 13.5 ft/s) in passing through the 3P-mesh screen attached at 
the end of the pipe. 
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;-7‘ade stai:;aess-steei 


^ j 'j ;er .iaea:. i;:jh 
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wei'e installed on the pipe spool adapter using the same method 
hut vith the ad.iiti-n vf a 1.5l-cm- (l.O-in.-) thick spacer 
:ree;,3. An expl-idea view ■>-t' the components in this assembly 
, airi tile test instailati in is shown in Figure 7-2, The 
•in.-'- at standard conditions in the I'a-cility piping accelerated 
i.ji’in.c L asoage thi-ough the i,5.i-cm- l6-in.-J diameter 20- 
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,, crimped metal ribbon arrester was the optimiura configuration 
.Its of the parametric p'nase the testing reported in 
as made froii. a commercially available Shand and Jurs spiral- 
ess-steel core element having the following dimensions: 

:0.o cm lil in.) 

10.,- cm (8 in.) 

: O.iiiOpo cm (0.0035 in.) 

■ 0 ... 0 O cm O.Obi in.) 
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E. PACKED BED OF BALICVCT RIKCO ARRECTKK 



I The configui-ation for the packed bed of Ballast ring's arrester vas a..: 

^ developed during the parametric phase of testing reported in Reference T-o';. 

I has the following optimized dimensions: 


1 


Bed diameter: 

Bed length: 

Bed volume: 
Packing material: 
Ring size: 

Open area: 


25.cm (10 in. ) 

T5.T C;:; (l8 in.) 

3605 cc (l'tl9 cu. in. j 

aluminum Ballast rings 

2 . 5 ^ cm vi.O in.) in diameter - 

2 . 5 ^+ cm (1.0 in.) Ion;- 

60 % (estimated) 


I 





The rings were randomly packed in 25 .i 4 -cm- (iO-in.-) diameter fia;.-ei pire 
h-'using and he^d in place with an expanded metal grid, as shown in Pirure I'-i. 
flanged concentric pipe reducer, 25.A-ciri to 15.2-cm (iO-in. to 6-in.) iiamete;-, 
adapted the inlet end of the arrester housing for installation on the exit 'the 
facility piping as shown in Figure T-6. The estimated fuel/air mixtuj'e fa.w 
velocity through this arrester at the standard test condition was around 0.9 0 

(3.0 ft/s). 
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r‘j.''.i. t. i u. v/'i:,' T .j I y '.ij;!;;" t-hc .v/i-.'.'. 

*: ! n, 'i--ir>-' 'Ihar. it v/at re severe. A tJni-.-.::, t:.reo 


•' etii-ii i,eL 5 t. :• i n t-: 'ietertiiiiC riiO .-lO'e.-;: v :‘ti.ure 

•■:rre;-!ter. i ■: rcrce;, ’'.a":e arrcrter r'ai J e;; te qaencii th- :'.aji.ca:'k ''.a'-e 
tiie.ie in'tla.. tesT.-, iA was ir, be delote'i tr-rn t!ie rr rra;:.. 


71:e see tti serO(.;::ir»;' test was pei’i' .rrued l. evai jat'? the s'. ■’o.-.- 

i'ia::ie arrester r atif-arati ;n i 5 ! T'rnr:: the I'irst series, arlnr aa ethyirr.e a;: 
!i;ixt'.;re Leae jjf it h::.d the hiyiiest pr- balie I’J.atne speed ■tii(- repress :.: at i ■ 
ij'uk CRrV' :'ue;r. ;■ t;i the uprtrea::: ar. i i wnstre<i;:; irn.iter r i:s .vei';.' 

','f; r. c'tii ieti ii tiie et iiy i ene ai r :hixt:..re t.erts, nt- •• r t:. .'tree: 

r'.an.e arrester.: vris t L.e rie.,e.’tei An* aiiaiti'ina^ testinr wit:: the ai’e; 

tr/pes ' 'air ixt;.r-.-‘;:. The .:ele"t: a r.f arrester r n; r irat i t' 

the h..'. ' ar' h'lari, iri.-o i up n tiie t.e.'t s'esbt:- ar, i ■!!!•' res t.t.en iat ; t: 


AT'li t, i. nai •■■•■.'a'i'wi; ; t.O£:t series ware trade iii the .hifi.;::! er '.-rit;: ‘ 

sf..- .'te.i ar're.'ter c t;'’i .•'■irat, i ■;-ns lisinr tiie :’ii i win.-' repre.'.eiitat i'se i k 'a 
:'ifcis: : . a'et.a i ;!• aiy le, i2) b-jtane, i ' et.hyi i.er, '• i rar ii. na, a ;:.e‘ 

fi. ■ h ., ' "l i i ' .• ) t iaeif". The ipniter r.iti t: wa;- .'o ic-rte: t ■ pr rar .• ti.e 

.atvere !'; a.::iha'•/ 'ha.tr.e pr ytaral.ir.n cortliii'n a.' ;e‘itisd ;:i : ht' 

.tpe- i Hlvat.aii.' t. wHT-d t.he fa^e f the tert. tirre.-'er it: ti.e :'i:t" tw 
-reeii i ne test .y-y-r-:-. 


:'ii:a era -iat,; .u i.est series war t:;a Ic a.'l;.' ti.i' .Si're.i aria.-tor 
''i ;-ara.t i :’r t:. the t'cevieus testing t- eva.'.aJe their iiOat-a: at:; .jisaieivi! 

''ar ai: i i i t i er i ii tjic .;a.:t;a i nerl flaine faei'lty. Tht' i a:':-' f:- ::. ■: rr pat.' 'r i :• 

ti:'" a.t, t;,e .d.tiri'i'ira t(a:t conditien was s tai:; i te-'i -ti ‘he ii-wn.d rtrut 'e s' 
■1 ri''T.ter !',-r 'i patri ! -.(j minuter.. 'I'he-re te,we'i'e u're'i : leterr.i'ie i 

! a" a a'l'".'t'-." 'at. • a* i:i'ie t-; al'ter la-'i.-;, ; a.- at; e..-\"i‘!': ;'1 e:: ;,.'-st a 

.: y ■t ;; t''• wiM'i-ut ;;truetara. t::.:-.:!;-'-. \ .dtiyle te.:' r ! : ■' I'a i 

i ii ■' ■' ”, i a it e:;, w i t,h 'Ut. pet ..>• f:: i It , W'l,' r a t‘ i aa :t t . a 

■ I a ■ ,' . ' .a:1 ! far:' ri:.-ti; ;,- a r a. ‘ . r ,• i a, ra.t i 11. . :: a .;:!0 ; i i r 

• ‘.e; ' arr-a-i. ‘is- t ra; t, w -y.; be ; • ■.>■>•; :'y t.lie 

"a- 'w ii/.,.le i i'.aj:.!- arr-'rt!;' ' rti'af-ri a,:, t.he rt 
''i:: a a:;; •:ie pa 'ke : he; i tri”. •: rai,-., we* 

ir a";.:' ■ t." .a'e.ai .■•r•■eIlia' '.e." r-ri". . 'i hey we;-. 
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Figure 8-1. Screen-Type Flashback Flame Arrester Test 
Program Logic Diagram 
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.t- wi'„!i t.iiree f iejn: ■ • !’ I "i.’;'', , ■ 

:‘;io iriiitej' iK-jlti n wul; i:e.e.''ej ;• ' ;.e 
Vi'i'O u:.; .-Vj 1 in the .-iintn iiie;i ''' 

X'.nre nn ; oi,hy 1 erar'ai;• iidxnni-e --l the xtan :a:-; 


m: xi'ij;-::': .■:'h:\Erini'.: teete 


jt re a;:. 


no eerier i acreeninr terte were nnde with : r pane rar :-d wr‘=- 

::j;i:ari ter.t e nviiti_ir; wliere the injecti ti equivaierire r.ati . was 
= ii.rp'. Fili time required t ; obtain a '>d c ,;r:.ijustiti.,e n.ixt tre 1;. 

•i.un.ber was GGO sec-.-nds. The n'.'.minal equivalence rati at ij'ni'i n wa., 

A'r = id. OF; as measured by tJie total hydr.carb.n analyser sa::,p.inr * :/:• 
dr K.ixture in the exhaust-burn stack. Tests were made with tnc- i ;ai, 11- 
.'creen ai-restei- and the sinyle 30-mesh screen arrester usinr b.tn the up- 
atiti :i wnrtream igniter p<jsitions (Test Confif-uration !Jcs. Ill tIl6). 

.'si’ui irriiti ui and combustion was achieved on all test firinrs. The :Tas!.- 
'.arries iLi t, t penetrate either -of these screen-type arresters cn any test. 

Tiie up.>treaii; igniter position produced an average flame speed between the 
o urce f i.gnition and the arrester (f 81-F82, Table ^-1) that measured 
r '11.7 ft/’s). The flame speed moving in the direction of flow (downstrejut 
isiM tv. an average of 13.6 m/s {l*l+.6 ft/s) before it exited the d-.wnstrea::, 

1 the fLair.e chamber (F 86 -F 87 ). Average peak pressure rise in the charriber 
t IT 8T ' ranged from 1139 to 9T^ N/m^ (O .165 to O.ltl psid). A plot c,f the 
:s fr'ir:. these tests is shown in Figure 8-2. Also shown on this plc-t are the 
.■r-eed;: in the facility piping that occurred on the last checkout test, 

Ui arre..-ter was not installed. The flame entered the piping (F8;-F73' at 
' ‘.I ft'; ) and accelerated up to 18.9 m/s ( 62.0 ft/s) at the facility 
arreoter (F21-Fi.l’). A tabular summary of averaged flame speed data and 
>rc.n;u:’e rise data is presented in Table 1-1. A tabular summary if ail 
,'-.-t-i,te !ata is presented in Appendix B and a tabular summary of all 
Le’it-state data is presented in Appendices C and D. 


iTie -ivc r-ao.e flame speeds recorded in this test chamber when using the i 'w;.- 
■troa::. Loiiito:’ p siti'-n (Test Configuration Nos. Ill and 111) were more unit' 

•Sit ^.wer Lti '/a;,ue, as shown in the data plot. Figure 8-3. A maximum iT atiiO spoe 
'•.1 m,-■ : -,.8 !’t/r,) occurred just upstream of the igniter (F86-F8T'). The 

aside-, .•k fl'ijse .'peed pro,pagating against the direction of flaw {upstream' wa.- 
Illy i.O m s '1. 3 ft/s). This is about one half the speed isbtained uf ing the 
q s, t, '-e-iiri -alter pjsitiin. i’eak pressure rise data were also m re uni f rm an: 
o i 'at.y i 'wei', with an averaged value of 8 IO N/m^ (O.llT psid). 


iiie re.-,alt.- ut' these first screening tests indicate that b-sth the .iua; 

.:cree:i arrester and the Fiingle 30-mesh screen arrester are effective in 
■nstda,-- i'la.-hback flames with a nominal flame speed up t-.- 6.1 m/s I.' '.',' ft . 

■ ri: re sovere test condition in the flame chamber is preduce>i whet, tne igniit s 
: c-ded in the upstreata position. The flame speed data -.obtained fr in the 
; ni'd.ure films cori'oborate these test results. It was apparent in t iio 
Tii-at the dei'ree d’ intensity (brightness) in the propagating flai-ie fr r.t 

f - tdie reg i us - d’ optimum fuel/air mixture rati-.i and higher '.evei.- f 
■-•T i .O'I urn’i 1 ence . When the upstream igniter position was 'ised, a nrl.-'l.t ban 
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CONFIGURATION Not. 112, 113, 116, 123 AND 132 

a AVERAGE FLAME SPEED IN CHAMBER 
A FLAME SPEED IN PIPING WITHOUT ARRESTER 
O AVERAGE PEAK PRESSURE RISE IN CHAMBER 
I SPAN OF ALL DATA T 
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Figure 8-2. Propane/Air Mixture Using Upstream 
Igniter Position Test Results 


TEST Nos. 1492 AND 1498 
CONFIGURATION Nos. 114 AND 115 


□ AVERAGE FLAME SPEED IN CHAMBER 
O AVERAGE PEAK PRESSURE RISE IN CHAMBER 
I SPAN OF ALL DATA 

NOTE: NO FLAME PENETRATION IN PIPING 
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Figure 8-3. Propane/Air Mixture Using Downstream 
Igniter Position Test Results 
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li-i i e ;;eeti a • L’t*!'eratirif- upstream through the center cere ’ ..w ; I 
the ;■ lo. air reixture ar. it expanded t'l’om the facility pipinr. The 
,re rati tdie expaiidint: plume becanie stratified by gravita' nal 

tne hea.'ier hydi-icarti n vapors settled to the bottom if the test cl.fir 
1 v/nstI’e'c, irniuer p -sitiiiu was used, the propagating flame c uLi he 
the film.,- c a'...-e!;trated r.ainiy in the lower half of the chamber with a 
•I ; 'ciJ iif:''.i3e i flame? fr. nt moving relatively slowly upcti’eam. This 
'.r : t..'re'ioed in lu'ii'htness and accelerated in speed as it pr '-ressei 

t; * tiie to.;t arrester installed on the facility piping. 


.ih'hi:::;:..Aid mixi'ure screenikg tests 

.'no .'C'.'.nd series of screening tests were made with an ethylene/air mi.xture 
■ 1 ’ r iu? Stan iar.l test censiitions. The injection equivalence ratio was 1.15 A F = 
... . T6 i r rr.aximuiii flame speed. Fill time required tc charge the flan.e chamber 
with a .'.-..mbust il); e mixture of this gaseous fuel was reduced to l^OO seemds. The 
n M.lnal equivaleiice at the time of ignition was O.TO {A/F = 21.1). ?c th the dual 
TO-ri.esh screen arrester and the single 30-mesh arrester were used in these te.-^t:- 
'witti upstream and d<,'wnstream igniter positions (Test Configuration Nos. 117 t; 
ill I. 

A t r ■■-b.l.em started on the first test when it was discovered that a sustalne i 
flame level oped inside the exhaust-burn stack piping during the chamber filling 
porati n.-. It is believed the flame originated from the natural gas fired 
burner at the tr.p .of the stack. Once the ethylene/air exhaust reached a flammable 
:::LXt.ure level, u flashback flame from the burner impinged on the exit arrester. 

I'he relatively hii'h flame speed of the ethylene/air mixture and the low flow 
velocity at this location allowed the flame to penetrate into the core of the 
•uvester. It heated the stainless-steel crimped ribbon up to the spontaneous 
i.-niti'Mi temperature (•’i90°C) for ethylene fuel. At this point, the flame passed 
t.iir .'.jgh the exit arrester, propagated up the piping, and held on the d jwnstrean! 
face the inlet arrester. Other than blistering the paint on the outside of 
tne pipin.-', tliis caused no structural damage. 

In the inlet arrester of the exhaust-burn stack had a core element made of 
;-pirai-w und, crimped aluminum ribbon. It was four times as long as the exit 
arreste;-, 15.2 cm (6 in.) compared to 3.8 cm (1.5 in.), and approximately the 
i:a!’ie ,1Lfcm^ter. This larger mass of metal, having higher heat capacity, appar- 
oiiMy prevented the lean ethylene/air flame from penetrating through the inlet 
arr-ec.ter. Cr.nsequently, the exit arrester was replaced with a unit similar to 
the in.let arrester. The results indicated no further incidents of sustained 
f.i pjries in the exhaust-stack piping and the test program to evaluate screen-type 
arresters using ethylene/air mixture flames continued. 

The average flame speeds recorded in the flame chamber when using the down- 
streaj;. i,-niter position (Test Configurations No. 119 and 121) ranged from 
.'.8 rr/s ( 25.6 ft/.s) at the igniter (F86-F87) to ^*.^4 m/s (lit.i* ft/s) at the 
.arrester (F81-F8?). The average peak pressure rise in the chamber was 931 N/m'" 
!0.1 i5 pslil). A plot of the test results are shown in Figure 8-it. Both types 
;■ s.-reen flame arresters were successful in quenching these ethylene/air mixture 
fi'ir.hbfick flames. 
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TEST Nos. 1501 AND 1502 
CONFIGURATION Noi. 119, I20AND 121 

D AVERAGE FLAME SPEED IN CHAMBER 
A FLAME SPEED IN PIPING WITHOUT ARRESTER 
O AVERAGE PEAK PRESSURE RISE IN CHAMBER 
I SPAN OF ALL DATA T 
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LOCATION A—- 


"M 


4 3 2 
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Figure 8-it. Ethylene/Air Mixture Using Downstream Igniter 
Position Test Results 


When the arrester was removed from the end of the facility pipe, the flame 
entered the pipe (F81-FT3) at a speed of U.9 ra/s (l6.1 ft/s) and accelerated to 
a detonation at the inlet arrester (F21-F12) with speeds in excess of l800 m/s 
(5905 ft/s). The detonation did not produce any damage to the test facility 
systems. 

The average flame speeds recorded in the flame chamber when using the 
upstream igniter position (Test Configuration Nos. 117, ll8, and 122) ranged from 
6.6 m/s (21.6 ft/s) at the arrester (P81-F82) to l6.3 m/s (53.5 ft/s) at the 
downstream chamber exit (f 86-F87). The average peak pressure rise in the chamber 
was 1102 N/m^ (0.l60 psid). A plot of the test results are shown in Figure 8-5. 
The single 30-mesh screen arrester was successful in quenching all flashback 
flames, whereas the dual 20-mesh screen arrester failed to quench any of the 
flashback flames in three test firings. The flame that penetrated through the 
arrester screen housing decelerated briefly to 3.9 m/s (12.8 ft/s) in the facility 
piping (f 81-F73), and then quickly accelerated to a detonation before reaching 
the facility inlet arrester (F21-F12). Posttest inspection of the screens fol¬ 
lowing each flame penetration did not reveal any damage to the screen wire that 
could have caused this failure. 

The results of the second screening tests indicate that the single 30-mesh 
rcreen arrester is effective in quenching flashback flames with nominal flame 
speeds up to 6.6 m/s (21.6 ft/s). The dual 20-mesh screen arrester is not 
effective at this higher flame speed, and the limiting flame speed will have to 
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Figure 8-5. Ethylene/Air Mixture Using Upstream Igniter 
Position Test Results 


be determined from additional tests. The upstream igniter position again resulted 
in the r.ore severe test C'-^nditions when using ethylene/air mixture in the flame 
test ohiimbei'. I'iintographic data of flame speeds taken from the motion picture 
’’i ims CUT jborated these test results. In accordance with the logic diagram. 
Figure S-i, the follow-on alternate fuels tests were limited to using the 
upstream igniter position only. 


L. GAF .'Lri'JF/ATR MIXTURE TESTS 

The first series of alternate fuels tests were made with a gasoline/air 
mixture at the standard test condition. The injection equivalence ratio was 
1.10 (A/F = 17.29) for maximum flame speed. Time required to fill the test 
'■hamber varied depending on the ambient temperature, but averaged around 
900 seconds. The nominal equivalence ratio for ignition was O.TO (A/F = 20.89). 
Tests were made using the dual 20-mesh screen arrester, the single 30-mesh 
sc;-een arrester, the spiral-wound, crimped stainless-steel ribbon arrester, and 
the packed bed of aluminiom Ballast rings arrester (Test Configuration Nos. 125 
to 130). All leasts were made with the igniter in the upstresun position. 

The average flame speed between the igniter and the downstresun face of 
the test arresters (f 81-F82) was h.22 m/s (13.3 ft/s). The highest average 
flame speed was measured just downstream of the igniter (F82 -f 83) at 6.01 m/s 
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(I 9 .T ft/s); from there it decelerated to only 2.92 m/s (9.6 ft/s) at the flame 
chamber exit (F 86 -F 87 ). Average peak pressure rise in the chamber was around 
1018 N/m2 {O.lhd psid). Without any arrester installed, the flashback flame 
entered the facility piping at 2.00 m/s ( 6.6 ft/s) and propagated upstream 
reaching a speed of 5.^^ m/s (IT .8 ft/s) at the facility inlet arrester (F21-F12), 
A plot of the results from these tests is shown in Figure 8 - 6 . 

The dual 20-mesh screen arrester, the single 30-mesh screen arrester, and 
the crimped ribbon arrester were all successful in quenching the flashback 
flames from the gasoline/air mixture. The packed bed arrester, in the original 
test configuration (No. 129), was unsuccessful in quenching the first three fir¬ 
ings. Flame sensor data actually recorded an acceleration in flame speed during 
passage through the bed of rings, possibly caused by induced turbulence. A 
single 30-mesh screen was inserted between the downstream face of the bed and 
the retainer grid as shown in Figure 8-7. This test configuration (No. 130) was 
retested using the gasoline/air mixture, propane/air mixture, and ethylene/air 
mixture. It proved to be successful in quenching the flashback flame from all 
three fuel/air combinations. During the testing with ethylene/air mixtures, 
there was evidence of slight pressure spiking in the facility piping 25 seconds 
after ignition and concurrent with the lean blowout of the flame holding on the 
downstream face of the arrester. Posttest inspection of the arrester revealed 
no damage to the screen wire, but there was discoloaationindicating that the 
impinging ethylene/air flame had heated the screen above 550°C (1022°F). 
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Gasoline/Air Mixture Test Results 
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K. MIXTURE TESTS 

T:.'- second series of alternate fuels tests was made with methanol/air 
n.ix' ir-- at standard test conditions. The injection equivalence ratio was l.Oi 
A,';- = ' ..'ll) foi- maximum flame speed. Time required to fill the test chamber 
1060 seconds, because of the cold ambient temperatures and the low 
v:la:;:;ty of methanol. The nominal measured equivalence ratio at ignition was 
j.fc9 (A. F = 9-38). Tests were made with the dual 20-mesh screen arrester 
•in't; ttie single 30-mesh screen arrester using the upstream igniter position (Tes 
Aonfiguration Nos. 133 to 135). 

T'r.':' average flame speed between the igniter and the downstream face of the 
•t'S’ a'u-esters (F81-F82) was ^*.35 m/s (lU.3 ft/s). The highest average flame 
steel measured Just downstream of the igniter (F82-F83) was 5-52 m/s (l8.1 ft/s 
Two firime sensors at the exit of the flame chamber (f86 and F8T) were inopera- 
;’/e luo to weather conditions. The average peak pressure rise in the chamber 
v'.i.i 8,1] .i/m2 (0.120 psid). Without an arrester installed, the flashback flame 
• tocreu the facility piping with a flame speed of only 2.19 m/s (7-2 ft/s), and 
vac unable to propagate upstream through the facility piping. A plot of the 
res cits from these tests is shown in Figiire 8-8. Both the dual 20-mesh screens 
ar'fcS'.-.r and the single 30-mesh screen arrester were successful in quenching 
a.l ]. flashback flames from the methanol/air mixture. 



DISTANCE FROM IGNITER, m 


r<4 


E 

Z 






Figur-e 8-8. Methanol/Air Mixture Test Results 
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F. TFI/u'EIIE/AIR MIXTURE TFFTS 

I;,e ♦bird verier o:' al terni^'.e Fuels lests we.’-e madi wi'.h ‘uu'ena air ".ix' 
■■_L x:,at!l;tfd test con iii Tiie il;Jection equivaii'n'-e roxi war 1.0a (A/F' = 

For rn/i.xiiiruii! :Tame spa---;. Time required to Fila tlie ter.t char-ber a,vera: 
IO 7 O’ s•o'orl^!s. Tiie nomin'-d measured equivalence ratio at ifTiritior. wa..: 0.6c 
(A,F = 19 . 9 ). Terts were .'tale with the dual 20-inesii rcreen a!’rer-ojr ana the 
.'inttle oO-rner!. screen arrester using the upstre.'un ignit.ei- pcs i t; ;ii (Test 
Cor.fi gurat' on iioc. 136 t138). 

The average flame speed between the igniter and the aownstrePum Face sF 
thr- test arresters (F 8 I-F 82 ) was 5-^2 m/s (17-8 ft/s). The liigiiest average 
Flar’e speed measured Just downstream of the igniter (f 82-F83) was 6.2t m/& 
( 20.6 ft's); fi-cm th.ere it decelerated to only 2.65 m/s (8.7 ft/s) at the fla: 
cha.mber exit (F56-F87) • The average peak pressure rise in the Fnp.mbei’ was 
bbS ih m2 ( 0 . 09 c psid), the lowest value recorded for all fuel/air mixtures. 
Witi'iout a fltuT.e aicester installed, tlie flashback flame entered the facility 
piping witii P- fiame speed of only O .61 m/s (2.0 ft/s) and was unable to proptf 
gate upstream through t'ne facility piping. A plot of the results from these 
tests is shown in F'igure o-9- Both th.e dual 20-.'Tiesh screen arrester and the 
single 3 G-mesh screen arrestei' were successful in quenching all fla.chback 
flames from the tcluer.e/air mixtures. 


TEST Noi. 1515 AND 1516 
CONFIGURATIONS Noj. 136, 137, AND 138 


□ AVERAGE FLAME SPEED IN CHAMBER 
A FLAME SPEED IN PIPING WITHOUT ARRESTER 
O AVERAGE PEAK PRESSURE RISE IN CHAMBER 
I SPAN OF ALL DATA 


FLAME ARRESTER 
LOCATION 


FLOWd^J 


F2I-F12 

(NOT AVAILABLE) 



-UPSTREAM- 


-DOWNSTREAM - 


IGNITER LOCATION 
DISTANCE FROM IGNITER, m 


F igure rt-9. Toluene/Air Mixture I'est Result 
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! ; ■ ai k mixi’URE tests 

l;.- >'.i' alternate fuels testsi were made with diethy. ether/ 

ir m;.-.'. .;■■■; 'e e'Ui iart; ’eat conditions. The injection equivalence ratio was 
• it A ■■ = ''‘r ir.fix [mijin flame speed. Time requireci to fill the test 

a.’e'.VLgea ■‘>0 a- o 'rids. Tire nominal measured equivalence ratio at the 
iir.e of '.gnitlon was O.Tl (A/F = 11.8). Tests wei-e made with the dual 20-mesh 
oro-;. ai-res'ei- and tdie single SO-mesh screen arrester using the upstream 
riiiter- tcs-fio:. (Test Configuration Kos. 139 to 1^*1). 

T:.-.' average t'lame speed between the igniter and the downstream face of the 
est ai'r-ester (F 8 i-F 82 ] was 1.6l m/s (21.U ft/s). The highest average flame 
peel measured in the center of the chamber (P'8U-F85) was 11.95 m/s (39.2 ft/s). 
hese flame r.peeas were the second highest obtained, next to the ethylene/air 
i;<t .re. The average peak pressure i-ise in the chamber was 937 N/m^ (0.136 psid). 
ith'.iut an arrester installed, the flashback flame entered the facility piping 
ith ?. flame speed of 2.98 m/s (9.78 ft/s) and propagated upstream accelerating 
't 59.^3 ms (195 ft/s) at the facility inlet arrester (F21-F12). A plot of the 
esulLs from these tests is shown in Figure 8-10. Both the dual 20-mesh screen 
rres’L-r and the single 30-mesh screen arrester were successful in quenching 
11 flashback flames from the diethyl ether/air mixture. 


20 


TEST N«. 1517 AND 1518 
CONFIGURATION Na«, 139, 140, AND I4I 

□ AVERAGE FLAME SPEED IN CHAMBER 
A FLAME SPEED IN PIPING WITHOUT ARRESTER 
O AVERAGE PEAK PRESSURE RISE IN CHAMBER 
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Figure 8-10. Diethyl Ether/Air Mixture Test Results 
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Riri'j\NK/AIK MIXTURM TEHTl 


Tlu' liflh f'eries of •iltorruite fuelo I'-o* wl': : i r 

mixtu 2 -e at st andard test ocind i t. ii.'ns . The i i.^cosior. i- ;a J vai< '. •• saf 1 , v-o: 

(A/'K = L3.6h) foi' max i rniiiii flame ■'.[.fa.'d. 'lime r'-a.i i r--a ta f 1 1 , fa':- 'a 

avcM'aj-^e'i ‘>07 seC'.'iids. The nom Liual mea,;air"d ■ ■■; ilvtlo;.'''- sar : ‘ a' lha- ' ! rr.i 
iKiiitiot; was O.Tii (A/K = Tests we^-e .-aaie wLti. the d j-.j • 

arrester and the single <0-ines!i S'-reen arr-ester usliig tie utstrear. 

position (Test Conriguratian Nos. iTd to lUh ). 


The average flame speed between the igniter and th" d'Wtistream f 
the test arrester (i'8l-F82) was s.62 m/s (11.9 ft/s;. The higt.est av 
speed measured just downstream of t.he igniter (?&?-;■'& i) was 5. fY m/s (l6 
from there it deoelerated to only 2.71 m/s (8.9 I't/s/' at th(- flame .'ham.t 


•gt 


exit (f'86-F87). Tfie average pt*ak pressure j-ise 


• hf- 


•hamoe}’ wr-.j 


9o6 


(o.lUo psidh 


facility piping with a flame speed of 2.2C m/s f7.l( ft/::) and 


Without an arrester installed, the ;'last:b'-C!'. 

2.20 

aocelej-ating to 17.S'- m's (‘37.') ft/s) a* The' facility i:.l 
■A plot, of the results fr.ira these tests is sii.'W:. Ir: ••ij'ure 


me entero 
rupHg.a" ed 
ai’ref'er 1 F2 
11. htth th 


-‘I-’ 


.20-nies!i L'oreen ari'estej' and t h*.- single 30-mesli ai-rei'.'ltrr 

in quenciiitig all flashbaak TJaines from the t;.tane/air mix^'ures. 


I.- ACETALDEHYDE/AIR MIXTURE TEST 

The 'Sixth and r'inai series of alternate s tests were maae wit:, 
aoetaidehydr/air .fixture at standard test c'9n>iit,i.,nis. Tne iii.iecti ri e'\ 



'‘OOC 


1600 


1200 


800 


400 


0 


IGNITER LOCATION 


DISTANCE FROM IGNITER, m 


E 

Z 


Butnne/Air Mixtui'e 'I'e.st 


Rcsu1ts 


PEAK PRESSURE RISE, 
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alio was 1.15 (A/F = 6.82) for maximum flame speed. Time required ta fill the 
est '’hajnber averaged 920 seconds. The nominal measured equivalence ratio 
t the lime of ignition was 0.63 (A/F = 12.5). Tests were made with the dual 
C-mesh screen arrester and the single 30-mesh screen arrester using the upstream 
gaiter position (Test Configuration Wos. lJ45 to 1^7). 

Th.e average flame speed between the igniter and the downstream face of the 
c-st arrestei' (f 81-F82) was 5.30 m/s (l7.^ ft/s). The highest average flame 
poei mea.sured at the chamber exit (F 86 -F 87 ) was 12.11 m/s (39.7 ft/s). These 
lame speeds are about equal to those obtained for the diethyl ether/air mixture, 
he a.'.crage peak pressure rise in the chamber was 1102 N/m^ (O.I 6 O psid), which 
s tlie same level obtained with ethylene/air mixture. Without an arrester 
'..stalled, the flashback flame entered the facility piping with a flame speed of 
,22 ;a/s (10.6 ft/s) and propagated upstream accelerating to ^*11 m/s (13^8 ft/s) 
t the facility inlet arrester (F21-F12). A plot of the results from these 
ests is shown in Figure 8-12. Both the dual 20-mesh screen arrester and the 
ingle 30 -mesh screen arrester were successful in quenching all flashback flames 
ro.m the acetaldehyde/air mixture. 


ARRESTER SELECTIOH FOR SUSTAINED BURNING TESTS 

The tests described above completed the alternate fuel/air mixtures step 
n the test program logic diagram presented in Figure 8-1. Since both the dual 
O-.mosh screen arrester and the single 30-mesh screen arrester were successful 
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Figliro 8-12. Acetaldehyde/Air Mixture Test Results 
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iti quenching all flanhback fl.-mes Ifom all the alternate l en s, ' hey v/e;--- 

both JesignateJ by the U.S. Coaut CJuard for sustained burriinr tf^sts, along wi';, 
crirnped I'ibbon a 2 'restt;r and t he packed bed arrester 'no liASA i rcjic . 
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SECTION IX 

SUSTAINED BURNING ARRESTER TESTS 


A. PROPANE/AIR MIXTURE TESTS 

The t'ii'st series of sustained burning tests were made with propa:.e/air r: 
tures at the standard test condition where the injection equivalence rati:, w-;: 
i.l4 (A, F = 13.75)- The duration of testing was planned for 30 minut'-s t a. 
sufficient time for the test assembly to reach thermal equilibri'um. 'n the c 
the flame penetrated through the arrester, the test was terminated a:: j.ic/..,;, 
possible to minimize damage to the facility piping and instra’tentati 

The dual 20-mesh screen arrester and the single jC-mesh screen arre.-:ter 
tested in twv, different test assembly sizes, the ./riginal 1.5.t-cm >6-1;.. i;-.: 

■ini a new 25.^+-cm (lO-iii.) diameter. This was done t evaluate tiie e:'fe’*_: 
the fueu air mixture approach velocity and flow-thr ,u,--h veiccity on t.te them 
environir'.ent at the screens. The spiral-wound, crimped stain^ess-stee. rihh r 
arrester and the packed bed of Ballast rings arrester were the same c r;fi;-i;’s 
that pi-'.,ved successful in the flashback flame testinr. A.i arresterr wer'e i; 
strumiented with additional thermocouples (Figure 9-1 t' measure thert.a. t'..i* 
and to ail in predicting an impending flame penetration when the arrorter to.- 
ture approaCihed the spontaneous ignition te.mperature od' tine I'uel/air r.Lxt.:’''. 

The following results are fo-r the pr-opane/air mixture sustaitie; : .rni:.;- 
tests. A tabular summary of th.e test data is presented it. Appendix . 

i. ..'ingie fJ-Mesh .Icreen Arrester, 15-2-cm liaraeter 
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A scr'ema ti/- Irawiti,- ,f this ter.t assembly iTest nfi rurat i n N . . 1 • , 
sente .1 i;, Fi.-'ure 9-.’, .'.h- wn 1,hc‘ ; .’.ation oV the thermoc.-up les . TbA an T'ni- 
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i.'.ixtui'e ‘‘lame did not penetrate through this single 30-mesh screen arrester. A 
plot of the test results is presented in Figure 9-6. Posttest inspection 
revealed only slight discoloration of the wire mesh over about 60 % of the surface 
area as shown in Figure 9-T. 

1. Dual 20-Mesh Screen Arrester, 25.^^-cm Diameter 

A schematic drawing of this arrester test assembly (Test Configuration No. 
L5b), presented in Figure 9-5, shows the location of the thermocouples (T 8 A and 
Td3) used to measure the two screens' temperatures. The approaching flow velocity 
in the 25-^-Gra- (10-in.-) diameter pipe was O .56 m/s (I .8 ft/s) and the flow¬ 
through velocity in the screens was 1.21 m/s (3-96 ft/s). The temperature on the 
downstream screen (TBA) reached an initial plateau value of iSCC {320“F) after 
1,20 seconds of operation and then increased to a nominal value of 190'’C (37^'F) 
for the remaining 30 minutes of operation. The upstream screen temperature (t 8 B) 
reached 60°C (lU0°F) after 60 seconds and then slowly increased to 70'C (158“F) 
by the end of test. The propane/air mixture flame did not penetrate through this 
dual PO-mesh screen arrester. A plot of the test results is presented in Figure 
9-8. 

The maximum temperature for this 20-mesh screen arrester assembly was expected 
to be higher than that measured on the similar sized 30-mesh screen arrester, 
because .d" the lower flow-through velocity. Fosttest inspection revealed that 
the thermcGoupie (T8A) was making poor contact with the screen surface and was 
^_.;ated in an area of low temperature, as indicated by the flame impingement 
pattern on the screen. There was no damage to the screens other than a discolora- 
ti n covering ab ut 60% of the flow area on the downstream wire mesh. A posttest 
phf.'grapii of the 20-mesh screens and spacer is presented in Figure 9-9. 
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Figure 9-6. Single 30-Mesh Screen Arrester, 25.^-cm Diameter, 
Propane/Alr Mixture Sustained Burning Test Results 
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’i.'ure 9-9- 


^0-Mesh Screen Arrester, 25.^-cm Diameter, Posttest 


.’p i, i-a^;'uri.l, Crimpei Stainless-Steel Ribbon Arrester 


. i;.9', prose 


■awinf-: of this arrester test assembly (Test Configuration 
i in Figure 9-10 shows the location of the six thermocouples 
measure the ci-:;nred ribbon core element temperature. The 
’i'K'ity in the .i0.5-cm- (l2-in.-) diameter pipe was 0.39 m/s 
!■ fl .>w-T_hroug:i velocity in the crimped ribbon core element 
i't/l'. i. Tempci-ature at tlie downstream center of the core 
le i a maximum, vai .c of 1000°C (l832°F) after 900 seconds 
'.en slowly deer-oased to 930°C (1706°F) at the end of the 
^.’on is). The sustained i'lame had to be burning inside the core 
tils iiinh temptu-ature, which is considerably above the spon- 
unpor-'.ture of 904°C (940°F) for the propane/air mixture. The 
element (T6B) react ed this spontaneous ignition temperature 
:’ore tost termination. It appears that the sustained flame 
inoi to tin? center portion of the downstream face, and after 
■ra! iori, the i'lnrae liad expanded to the outer perimeter (T8A). 
-;ture flrimo did not penetrate through this spiral-wound, 

■■teel ari-ester 'iurlng the 30-minute test duration. However, 
li net reacheri a state of thermal equilibrium and there is 
;ce continuing f 1 rune propagation into the core. It is 
.ii> .?-.r-fc;.v.'?7- would iiave eventually failed. A plot of the test 


i .11 rhi:. -vri-ester test assembly revealed some minor 
'■lc-r::‘ i.t it: ‘ i;c f.-rm of distortion and discoloration to the 
1) r. wln iii;,-G. 'idie retainer grid was also distorted from 
''.■■;p.'ii;si’'t: at.! .njme grid elements were broken at the weld 
■ ho*grripii oi' tlic downstream end of the arrester assembly 



























Figure 9-11. Spiral-Wound, Crimped Stainless-Steel Ribbon 
Arrester Propane/Air Mixture Sustained 
Burning Test Results 

6. Packed Bed of Aluminum Ballast Rings Arrester 

A schematic drawing of this arrester test assembly (Test Configuration 
rio. 151 ), presented in Figure 9-13, shows the location of seven thermocouples 
(T3A to T8G) used to measure the temperature in the bed of rings and on the 
s ingle 30-mesh screen retainer. The approaching flow velocity in the 25.^-cm- 
(10-in.-) diameter pipe was O .56 m/s (I .8 ft/s), the flow-through velocity in 
the bed of rings is estimated at 0.9^ m/s (3.1 ft/s), and the flow-through 
velocity in the 30-mesh screen was 1.5 m/s (h.9 ft/s). Temperature of the 
ncreen (T6G) reached the nominal value of 350°C (662°F) after 200 seconds of 
jperation and held fairly steady for the 30 minutes duration. The temperatures 
at the top of the bed (T8A and T8D) increased slightly to a maximum of 125°C 
(257°F) due to radiation only; very little conductive and no convective heating 
war, possible. The lower part of the bed remained at the nominal mixture inlet 
temperat.ure of 50°C (122°F). The propane/air mixture flame did not penetrate 
through the ,30-mesh retainer screen on the packed bed of rings during the 
30-minute test duration. A plot of the test results is shown in Figure 9-1^. 
F^osttest inspection revealed only a slight downstream bowing and discoloration 
of the retainer grid and screen as shown in Figure 9-15. 
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Figure 9-1^• Packed Bed of Aluminum Ballast Rings with Single 
30-Mesh Screen Arrester Propane/Air Mixture 
Sustained Burning Test Results 


P. ETHYLENE/AIR MIXTURE TESTS 

This last series of sustained burning tests were made with ethylene/air 
mixture at standard test conditions where the injection equivalence ratio was 
1.15 (A/F = 12.86). The planned test duration was 30 minutes. Only 1 lie two 
arrester configurations of the NASA funded program were tested: (1) the spira;- 
wound, crimped stainless-steel ribbon arrester, and (2) the packed bed of 
ajiuminium Ballast rings. The USCG funded program did not require sustained burn¬ 
ing tests with etiiylene/air mixtures because tlie test conditions were con¬ 
sidered to be too severe for screen-type flame arresters. 

The following results are for the ethylene/air mixture sustained burning 
tests. A tabular summary of the test data is presented in Appendix E. 


1. 2piral-Wound, Crimped Stainless-Steel Ribbon Arrester 

This is the same arrester test assembly (Test Configuration No. 150) shown 
in Figure 9-10. The test flow conditions were the same as those described in 
Pfiragraph A-5 of this section. On the first test, (No. 152^*B) the f i ame penetrated 
int',. ttc I'ore {T8A and T8 e) after only 60 seconds of operation and reached a 
high t-o-mpor'iturv' of around 900°C (i 652°F) at 150 seconds. The flame spread t.v- 
till' out< :• p'u-imed.er of ttie core (t8 B and TBPl increasing tliis temperatur< t' 
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Figure 9-l6. Spiral-Wound, Crimped Stainless-Steel Ribbon Arrester 
Ethylene/Air Mixture Sustained Burning First Test 
Results 


2. Packed Bed of Aluminum Ballast Rings Arrester 

This is the same arrester test assembly (Test Configuration No. 152) shown 
in Figure 9-13. The test flow conditions were the same as those described in 
Paragraph A-6 of this section. In the first test (No. 1525B) the temperatui'e 
on the upstream face of the retainer screen (T8G) increased rapidly, reaching 
the spontaneous ignition level of U90°C (91^*°F) after only 35 seconds of opera¬ 
tion. Flame penetration occurred at ii3 seconds when the screen temperatu"e 
reached 560°C (10U0°F). The bed of aluminum Ballast rings remained at the ir.let 
ethylene/air mixture temperature with only the downstream center of the bed (T8A) 
receiving any measurable radiation from the sustained burning. Flame peneti-a- 
tion through the retainer screen was followed by a detonation in the inlet piping. 
Flame speeds measured in the witness section, which was just upstream of the test 
arrester section, were at the detonation velocity of around 1830 m/s (6000 I't/s). 
This would indicate that the penetrating flame had made the transition from 
deflagration to detonation within the length of the packed bed arrester. A 
plot of the test results is presented in Figure 9-l8. Posttest inspection of 
the arrester "evealed some distortion and discoloration of the retainer grid 
and screen assembly caused by internal pressure developed during the detonation. 

The above test was repeated at the same test conditions and with the same 
arrester test assembly. This second test (No. 1525C) resulted in a detonation 
immediately after ignition. Posttest disassembly and inspection of the packed 
bed arrester revealed that the screen retainei- had been impacted in several 
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TEST No. 1524C 
CONFIGURATION No. 150 


FLAME-TWOUGH 


^ 600 ^ 


Figure 9-lT. Spiral-Wound, Crimped Stainless-Steel Ribbon 
Arrester Ethylene/Air Mixture Sustained 
Burning Second Test Results 

places by Ballast rings causing punctures as shown in Figure 9“19- The unde¬ 
tected damage to the screen was probably initiated to a lesser extent during 
the first sustained burning test that resulted in a detonation. These small 
punctures allowed flame penetration without heat-up on the second test euid 
the subsequent detonation enlarged the holes to the size shown. 
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COIJCLUSIONS 


The following conclusions have been reached from the test results of fr,'.- 
experimental evaluation of flame arrester devices in a simulated fuel stcrago 
tank vent stack installation discharging eight types of combustible fuel/air r;.;x- 
tures, including; (l) propane, (2) ethylene, (3) gasoline, (h) methanol, 

(5) toluene, (b) diethyl ether, (7) butane, and (8) acetaldehyde. The test 
flame arresters were mounted on the end of a 15.2-cm- (6-in.-) diameter pipe 
vent located in an unconfined one-atmosphere environment. The standard test 
condition used an injection equivalence ratio from 1.0 to 1.2 to produce the 
theoretical maximum flame speed for the particular fuel/air mixture in use; the 
fuel/air mixture temperature ranged from 10 to 38°C (50 to 100°F), and the inlet 
piping nominal flow velocity was 1.52 m/s (5 ft/s). 

(1) An ignition source upstream near the flame arrester and in the center 
of the exhaust plume produced the highest flashback flame speed for 

a flame propagating upstream in the direction of the arrester. 

(2) Ethylene/air mixture produced the highest average flashback flame 
speed of 6.60 m/s (21.65 ft/s), ranging from 1+.86 to 10.66 m/s 
(I5.9i+ to 3i*.98 ft/s). 

(3) Butane/air mixture produced the lowest average flashback flame speed 
of 3.62 m/s (11.88 ft/s), ranging from 2.92 to 1+.25 m/s (9.58 to 
13.94 ft/s). 

(4) Flashback flames from the typical bulk cargo fuels tested will propa¬ 
gate in an open environment, such as the deck of a transport vessel, 
but will not produce a detonation unless they penetrate an opening 
leading into a fuel cargo tank. 

(5) The single 30-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/air mixtures tested. 

(6) The dual 20-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/air mixtures tested 
except the ethylene/air mixture, where the fltune speed was i*.86 m/s 
( 15.94 ft/s) or faster. 

(T) Damage to a screen flame arrester from a puncture, tear, or corrosion 
that results in holes larger than the original mesh size renders the 
screen useless in quenching a flashback flame. The damaged screen 
should be replaced to restore the arrester's effectiveness. 

(8) The spiral-wound, crimped stainless-steel ribbon arrester was effective 
in quenching flashback flames from the propane, ethylene, and gasoline 
fuel/air mixtures tested, and would probably quench the other five 
fuel/air mixtures listed. 


packeci bed of aluminum Ballast rings arrester with single 30-mesh 
re ainlens-steel screen retainers was effective in quenching flashback 
r'lami.s fi-om the propane, ethylene, and gasoline fuel/air mixtures 
'•■sted, and. would probably quench the other five fuel/air mixtures 
:isted. 

Ti;- packed bed of aluminum Ballast i-ings arrester without the single 
h'.’-mesh screen retainer was not effective in quenching flashback 
•'lames from gasoline/air mixtures, and would probably not quench the 
thei' S'-ven fuel/air mixtures listed. 

The test com'igurations for the single 30-mesh screen arrester, the 
i;al kO-mesh screen arrester, the spiral-wound, crimped ribbon arrester, 
■‘.nd tlie packed bed of Ballast rings arrester withstood all flashback 
1'1,'tmo testing without any structural damage and only slight discolora- 
from the short duration of flame impingement (approximately 
se'onds). 

Ttie single 30-mesh screen arrester and the dual 20-mesh screen arrester 
withstood flames from propane/air mixtures for 30 minutes without 
.-.•.ructural damage and only slight discoloration of the screen wire. 

Tii.,- fuel/air mixture flow velocity through the openings in the screen 
ranged from 1.2 to it.l m/s (3.9 to 13.5 ft/s), depending on the size 
of the arrester test assembly. In each configuration, the screens 
fdudifd a condition approaching thermal equilibrium after approximately 
'00 seconiis wiiere the temperature was well below the spontaneous igni- 

• i'in tempei'ature for the propane/air mixture. It is concluded that 

• ;i" sustained burning conditions on these arresters could have contin- 
ied fo!' ai. indefinite period of time. 

The equilibrium temperature on the surface of a screen flame arrester 
at, sustained burning conditions is a function of flow velocity of the 
fue.I/air mixture passing through the screen; the lower the velocity, 
the higiier tiie equilibrium temperature. It is possible that at very 
low flow-through velocities the temperature of the screen would 
increase to the spontaneous ignition temperature of the fuel and the 
fitime coiil'i penetrate the screen arrester. 

The spiral-wound, crimped ribbon arrester withstood flames from the 
propane/air mixture for 30 minutes. During this time, the flame 
propagated into part of the depth of the core element, causing dis¬ 
tortion and discoloration of the stainless-steel ribbon. Thermal 
equilibrium within the core element was not achieved during the 
30 minutes of testing as the temperatures measured inside the ribbon 
windings continued to increase above the spontaneous ignition tempera¬ 
ture for propane/air mixtures. It is concluded that the flame would 
have '•■ventually penetrated the arrester, given sufficient time. 

Sustained burning from the ethylene/air mixture did penetrate through 
Miis arrester on two tests of U23 and 383 seconds. Therefore, the 
ability of this type of flame arrester to withstand sustained burning 
is highly dependent on the flame speed and the spontaneous ignition 
t.emi erature ? t' the fuel/air mixture. 






(1‘^) The packed bed of Ballast rings arrester with a single 30-mesh 

screen retainer withstood flames from the propane/air mixture for 
30 minutes. The results were very similar to those obtained I'rom 
the single 30-mesh screen arrester, and it is apparent that the be 
of rings has little or no influence on the performance of this arr 
configuration. Sustained burning from the ethylene/air mixture di 
penetrate through this arrester in only h3 seconds on one test, r-- 
ing in a deflagration-to-detonation transition within tlie bed of 
rings. The retainer screen was damaged by impacts I'rom the bed of 
rings, and this damage allowed the flame to penetrate immediately 
after ignition on a repeat test. It is concluded that the packed 
bed of rings arrester with a single 30-mesh screen is no more effe 
tive than a single 30-mesh screen in withstanding and quenching 
flashback flames. 



RECOMENDATIOKG 


■Based upon the results of this test program, the follcwi:.;- re _• lu-.r-.-. 
are made regarding the selection and installation ‘of iMa:;.e ar-rest: r,,' jevic^ 
fuel storage tank vent stacks in a mai-ine environment: 

(l) Based upon flame quenching capability, structural lorabil;ty, anc 
low susceptibility to corrosion and fouling, the following fl’.-me 
arrester devices have been found effective in preventing flas'nback 
flames in an open environment from entering vent openings cf a cf 
tank containing typical bulk fuels: (l) single 30-mesh stainless 
steel screen, (2) dual 20-mesh stainless-steel screen, (3) spiral 
wound, crimped stainless steel ribbon, and (^ 4 ) packed bed of alut 
Ballast rings with single 30-mesh stainless-steel screen reoaine: 
Ethylene, which is a gas at ambient temperature and pressure, i 
not a typical bulk cargo fuel. 


inj.ess- 
spirai- 
:S alumir. 
;* aine 2 ’r. 


Based upon the ability to withstand 30 minutes of continuous burninr 
a propane/alr mixture, the following flame arrester 'devices have bee:', 
found effective in sustaining the flame from typical bulk cargo fuels 
( 1 ) single 30-mesh stainless-steel screen, (2) dual 20-mesh stainle.-^: 
steel screen, (3) spiral-wound, crimped stainless-steel ribbon, ar'.d 
{h) packed bed of Ballast rings with single 30-mesh stain]ess steel 
screen retainers. Spiral-wound, crimped metal ribbon H.rrest,ers app' a 
to have a finite time duration for sustained burning conditions, an; 
should therefore be evaluated for the specific fuel and at the most 
severe condition of the intended applications. None of the flrume 
arrester devices tested is effective in sustaining tlie flame from a:, 
ethylene/air mixture for 30 minutes duration. 

Based upon the inverse relationship between the equilibrium tempera:u 
of a screen flame arrester at sustained burning conditions a:'.d the 
fuel/air mixture flowthrough velocity, it is recommended that in fu-.l 
transfer operations the rate of fuel flow should be fast enc ugh to 
keep the exhaust velocity of vented I’lammable mixture well ahcve •, )>• 
laminar burning velocity cf the fuel being transferred. In the evtum 
of a flashback flame, this safety precaution will aid i;i keepi.ng ti.' 
screen flame arrester on the vent from over-heating by a sustndned 
flame. 


The selection of a location for the flame arrester device on the vent 
stack should be limited to the very end of the pipe. The f’. amo que:.c 
ing ability of the arrester is reduced by any length of pipe, housing 
or meclianical device downstream of the arrester. Screen-type flanno 
arrestors are effective only if they are undamaged by punctures on 
tears in the wire mesh and there are no gaps or holes a.rouni tin' p' .-; 
pliery larger than the openings specified for the 20- or '0-mesh sc:-’ • 
All flame arrester devices siiould be penio'i ica,I ly incpec’e.i f 'l' i.'c:.:-,' 

and cleaned to remove foviling and corrosion. 



r 



(S) The selection of materials used in the construction of arresters 
should be based on their compatibility with the local environment 
and the fuel vapors to be encountered. However, stainless steel 
is recommended. 

The data and experience obtained from these flashback flame and sustained 
burning tests is limited to those fuel and air mixtures tested in a 15.2-cm- 
(l6-in.-) diameter pipe size. It is recommended that extrapolation of this 
data should be limited to the following: 

(1) Application to other fuels should be limited to those hydrocarbon 
fuels that have similar combustion characteristics to those fuels 
tested. 

(2) Applications scaled down to pipe sizes smaller than 15.2-cm (6-in.) 
diameter are considered to be conservative. 

(3) Scaled-up applications should be limited to pipe sizes no larger 
than a 20.3-cm (8-in.) diameter, providing adequate consideration 
is given to structural strength. 
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APPENDIX A 


TEST CONFIGURATION LOG 


Configuration 



No. 

Test No. 

Description 

100 to 112 

lL88 to 

lJ‘95 

The first thirteen tent configuj’ations were ev:../e 
during the facility ch.eckout tests. They inclulri 


the preliminary installation of a subscale flamc- 
chamber that was later replaced by the full-sca;e 
flame chamber and the exhaust collector burn sta -k. 
Flame sensors on the flame chamber outer wall wc-"e 
repositioned from the horizontal center line tc ‘ie 
top center line. Three igniter positions usea 
the flame chamber were (l) upstream, (2) middle, 
and (3) downstream. An aluminum flame shield was 
installed on the inlet piping upstream of the fi--m.e 
arrester test section. Also, a second alumintun 
flame shield was installed in front of the down¬ 
stream flame chamber frangible diaphram. Fuels used 
on these checkout tests were gasoline and commer .'ial 
grade propane. The test arresters included bot'n the 
dual 20-mesh screens and the single 30-mesh scre ni. 

113 1^96 (A-C) This test configuration is shown in Figure 7-2. 

Flame arrester: dual 20-mesh screens 

Fuel: propane 

Igniter position: upstream 

llU 1^*97 (A-C) Flame arrester: dual 20-mesh screens 

Fuel: propane 

Igniter position: downstream 

115 1^*98 (A-D) Flame arrester: single 30-mesh screen 

Fuel: propane 

Igniter position: downstream 

116 l^-t99 (A-C) Flame arrester: single 30-mesh screen 

Fuel: propane 

Igniter position; upstream 

117 1500 (A-C) Flame arrester: single 30-mesh screen 

Fuel: ethylene 

Igniter position: upstream 

llH 1501 (a) Changed the exhaust collector burn-stack flame 

arrester from an Amal spii'al-wound, ci'imped stain¬ 
less-steel ribbon to a Shand and Jurs spiral-woun.i, 
crimped aluminum ribbon assembly. 

I’liime arrester: single 30-mesli si'i’een 

Fuel: ethylene 

Igniter position: upstream 
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Lon 

n-:'. 

Test 

No. 


Description 

11 9 

1501 

(B-D) 

Flame arrester: 

Fuel: 

Igniter position: 

single 30-mesh screen 

ethylene 

downstream 

190 

1502 

(A) 

Flame arrester: 
Fuel: 

Igniter position: 

none 

ethylene 

downstream 

in 

15 OP 

(B-D) 

Flame arrester: 

Fue 1 : 

Igniter position: 

dual 20-mesh screens 

ethylene 

downstream 

1 

1503 

(A-C) 

Flame arrester: 

Fuel: 

Igniter position: 

dual 20-mesh screens 

ethylene 

upstream 

12 J 

I 50 I 4 

(A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

crimped ribbon 

propane 

upstream 

WOTE: 

All of the 
located in 
noted. 

following tests were 
the upstream position 

made with the igniter 
unless othei-wise 


1505 

(A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
ethylene 

195 

1506 

(A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
gasoline 

1 . 9 

1507 

(A-D) 

Flame arrester: 
Fuel: 

none 

gasoline 

LOT 

1507 

1508 

(c) 

(A-B) 

Flame arrester: 

Fuel: 

single 30-mesh screen 
gasoline 

■ 'A 

1508 

(C-E) 

Flame arrester: 
Fuel : 

dual 20-mesh screens 
gasoline 

J 09 

1509 

(A-C) 

Flame arrester: 
Fuel : 

packed bed of rings 
gasoline 

no 

1510 

(A-C) 

Flame ai-rester: 

Fuel : 

packed bed of rings with single 

30-mesh screen 

gasoline 
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Configuration 
No. 

Teot 

No. 


Description 

131 

1511 

(a-d) 

Flame arrester: 

Fuel: 

packed bed of rings with sinrle 

30-mesh screen 

ethylene 

132 

1512 

(A-C) 

Flame arrester: 

Fuel: 

packed bed of rings with sinrle 

3C-mesh screen 

propane 

133 

1513 

(A-C) 

Flame arrester: 

Fuel: 

single 30-mesh screen 
methyl alcohol 

I3i* 

1513 

(D) 

Flame arrester: 
Fuel: 

none 

methyl alcohol 

135 

151^4 

(A-C) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
methyl alcohol 

136 

1515 

(A-C) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
toluene 

137 

1515 

(D) 

Flame arrester: 
Fuel: 

none 

toluene 

138 

1516 

(A-D) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
toluene 

139 

1517 

(A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
diethyl ether 

lUo 

1517 

(D) 

Flame arrester: 

Fue 1: 

none 

diethyl ether 

lUl 

U7 

CO 

(A-C) 

Flame arrester: 

Fuel: 

dual 20-mesh screens 
diethyl ether 

ll2 

1519 

(A-D) 

Flame arrester: 

Fuel : 

dual 20-mesh screens 
butane 

1^43 

1519 

(E) 

Flame arrester: 

Fuel: 

none 

butane 

lUl 

1520 

(A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
butane 

1!45 

1521 

(A-C) 

Flame arrester: 

Fuel: 

single 30-mesli screen 
acetaldehyde 


A-3 

I 





CotifiI'ui'at ion 





No. 

Te s t 

No. 


Desci'iption 

iUb 

1521 

(u) 

Flame arrester: 

none 




Fuel: 

acetaldehyde 

1 -* ' 


(A-C) 

Flame arrester: 

dual 20-me3h screens 




Fuel: 

acetaldehyde 

lUQ 

1523 

(A-B) 

Changed the test 

assembly to the sustained burning 




test configuration. 




Flame arrester: 

crimped ribbon 




Fuel: 

propane 


1521+ 

(A) 

Changed the thermocouples in the test arrester 
from open tip ungrounded to closed-end grounded. 




Flame arrester: 

crimped ribbon 




Fuel: 

propane 

150 

1521+ 

(B-C) 

Flame arrester: 

crimped ribbon 




Fuel; 

ethylene 

loi 

1S25 

(A) 

Flame arrester: 

packed bed of rings with single 
30-mesh screen 




Fuel: 

propane 

150 

1525 

(B-C) 

Flame arrester: 

packed bed of rings with single 
30-mesh screen 




Fuel: 

ethylene 

153 

1526 

(A) 

Flame arrester: 

15 . 2 -cm- (6.0-in.-) diameter 
single 30-mesh screen 




Fuel: 

propane 

lOJi 

1526 

(B) 

Flame arrester: 

15.2-cm- (6.0-in.-) diameter 
dual 20-mesh screens 




Fuel: 

propane 

.1 5 a 

1527 

(A) 

FIame arrester: 

25.1-cm- (lO.O-in.-) diameter 
single 30-mesh screen 




Fuel: 

propane 


1527 

(B) 

FlEvme arrester: 

25.U-cm- (lO.O-in.-) diameter 
dual 20-mesh screens 




Fuel: 

propane 


I 




A-k 




APPENDIX B 

TABULAR SUMMARY OF STEADY-STATE MEASURED 
AIR AND FUEL SYSTEM TEST CONDITIONS 
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APPENDIX C 

TABULAR SUMMARY OF TRANSIENT-STATE MEASURED 
FLAME SPEED AND PEAK PRESSURE RISE 


C-1 


























Flam* Chamber T*i( Data 

















































































APPENDIX D 


TABULAR SUMMARY OF AVERAGED MEASURED FLAME SPEED 
AND PEAK PRESSURE RISE FOR FUELS 
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APPENDIX E 

TABULAH SUMMARY OF TEMPERATl'liE MEASUREMENTS 
FOR SUSTAINED BURNING TESTS 


E-1 




Conlig I Tirrw T8A I TSS 
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